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Abstract
An introduction is given regarding the chemistry and applications of lanthanide 
complexes. Subsequently, an account is presented on the complexation chemistry of 
macrocycles and trivalent cations. Thus, it follows that the primary aim of this work is 
to proceed with a systematic investigation of the complexation chemistry between the 
trivalent cations (Ln3+) and different macrocycles in two dipolar aprotic solvents 
(acetonitrile and N, jV-dimethylformamide). The investigated macrocycles are, 
{tetrakis [4-(ethyl) morpholine] oxy 1}-p-ter/-buty leal ix[4] arene (LI), (tetrakis [1- 
(ethyl)piperidine] oxyl} -p-/er/-butylcalix[4]arene (L2), (tetrakis [ 1 -(ethyl) methyl 
ketone] oxyl} -p-/er/-butylealix[4]arene (L3), (di-substituted [di-methylcarbamyl] 
ethoxyl di-hydroxyl} -p-tert-butylcalix[4]arene (L4), (tetrakis [tetra-acetamide] oxyl}- 
p-/er/-butylcalix[4]arene (L5), (di-substituted [acetylurethane] oxy dihydroxy} -p-tert- 
butylcalix[4]arene (L6), (di-[ethyl-phosphate amino] oxyl di-hydroxyl}-p- tert- 
butylcalix[4]arene (L7) and cryptand 222. This investigation was accomplished 
through ^-N M R , conductimetric, potentiometric, UV-spectrophotometric and 
microcalorimetric titration studies in these solvents at the standard temperature.
In general, ^ -N M R  titrations in deuterated acetonitrile at 298 K concluded that the 
active sites of interaction in these ligands with trivalent cations are mainly assigned to 
the oxygen and to a lesser extent to the nitrogen donor atoms. Conductimetric titration 
data in acetonitrile at 298.15 K suggested the formation of 1:1 [L]/[M] complex
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stoichiometry for all o f the investigated systems except for L7 and Ln cations. For 
these systems microcalorimetric titration studies revealed that the interaction o f these 
cations and L7 in this medium leads to the formation of 2:1 [L]/[M] complexes. 
Studies performed in A, A-dimethylformamide displayed weak or absence of 
interaction, which emphasises the effect of the media on the complexation o f these 
cations and these macrocycles.
The strength of complexation of LI, L2, L3 and L4 and these cations in acetonitrile at
298.15 K was found to be weak and insignificant selectivity was noticed, while the 
interaction between L5 and the Ln3+ cations showed relatively strong and selective 
complexation in acetonitrile and to a lesser extent in A,A-dimethylformamide. The
o I
thermodynamic parameters for 2:1 [L7]/[Ln ] complexes in acetonitrile revealed an 
unusual pattern. Moreover, strong and selective interaction between cryptand 222 and 
the Ln3+ cations in acetonitrile at 298.15 K was found. Finally, conclusions and 
suggestions for further work are given.
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Chapter 1 1
1. Introduction.
Chelates have been defined as “chemical compounds whose molecules contain a 
closed ring of atoms of which one is a metal cation”, [1 ], which in general terms means a 
metal cation complex. The term ‘chelate’ has been also used to describe a contrast agent 
used as an aid in different medical imaging techniques such as radiology. In recent years 
attention has been paid to research involving the development of new lanthanide chelates 
and lanthanide complexes. This interest has been motivated by their potential applications 
in different areas in the medical field [2]. Hence, the complexation chemistry of lanthanide 
cations and chelating agents was covered by a number of review papers [2-6]. Most 
studies focused on investigating the properties of europium (Eu3+) and terbium (Tb3+) 
complexes due to their applications as luminescent labels. On the other hand, extensive 
studies have been carried out on gadolinium (Gd3+) complexes due to their potential 
applications in magnetic resonance imaging (MRI) [2].
While synthetic organic chemistry has the power to produce novel molecules with new 
properties, high level of chemistry is required for studying interactions between two or 
more chemical species generally referred to as ‘Supramolecular Chemistry’. The efforts in 
the field of Supramolecular Chemistry extend from molecular design to the synthesis of 
new compounds (ligands) followed by an investigation of their coordination chemistry 
involving cations, anions or neutral molecules, into physical chemistry to study the 
properties of such interactions. This particular field of chemistry has attracted interest to 
generate new ligands capable of interacting selectively with certain chemical species.
As far as the work covered in this thesis is concerned, this study investigates the 
complexation between macrocyclic ligands and lanthanide cations and highlights the 
different aspects of their interaction in two dipolar aprotic solvents. However, before 
describing the challenges in studying lanthanide complexes in solution, this introduction 
begins by outlining background information on lanthanides. Subsequently, a brief 
introduction to the macrocycles under investigation is given. Finally the aims o f this work 
are presented.
Chapter 1 2
1.1. Lanthanides.
1.1.1. Definition.
By 1908 all lanthanide elements had been isolated and characterised except for 
promethium (61), which was discovered in the 1930’s [4]. The traditional name for 
lanthanide elements, ‘rare earths’, was misleading, since with the exception of the 
radioactive promethium, the lanthanide elements are relatively not rare, given that over 
one hundred minerals provide sources for these metals [4-6]. In fact, bastnasite, monazite 
and xenotimes are the major ores for lanthanides in industrial production [4-6]. 
Lanthanides include the elements with atomic numbers of 57 through to 71. These are 
lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium (Nd), promethium (Pm), 
samarium (Sm), europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), 
holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb), and lutetium (Lu). 
Furthermore, yttrium (Y, atomic number 39) and scandium (Sc, atomic number 21), the 
so-called earth metals, can also be included among this group [4, 7]. Despite the small 
ionic radius of Sc3+ as compared to the lanthanide metal cations, this was included among 
these elements due to its intermediate behaviour between aluminium and lanthanides [4, 
7]. On the other hand, Y is found in Nature with the lanthanide metals and Y3+ has an 
ionic radius similar to Gd3+ and Tb3+. It was reported that the complexing behaviour o f Y3+ 
with chelating agents is similar to that of the middle lanthanide cations [4, 7]. For the
*2 i
purpose of practicality, the term ‘trivalent cations’, (Ln ), will be used loosely in this 
thesis to involve the lanthanide metal cations plus Sc3+ and Y3+ cations. The main 
properties of these cations are included in Table 1.1.
In general, lanthanides constitute a large, closely related 4 /  elements family, and can be
o i
symbolised by (Ln)[8 ]. Pearson [9] classified these cations (Ln ) as “hard” acid cations. 
Furthermore, the lanthanide cation family can be divided into light and heavy cations [10].
*7 I O | 7  | 2  i
Accordingly, the former includes the cations from La to Eu plus Y and Sc , while 
those from Gd3+ to Lu3+ are known as heavy cations.
The similarities observed in the chemistry of lanthanide cations is partly attributed to their 
common existence in the trivalent state as a result of the 4f  5d, 6p and 6 s electron orbital 
energies [4-6]. Nonetheless, a point that needs firm emphasis in lanthanide chemistry is 
that despite their physical and chemical similarities, each member of this series presents a
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slight difference from the other [4], so generalisation on the basis of data obtained from 
studying one lanthanide member is unreliable. Hence, studies on lanthanide cations should 
commence by investigating different members among their series, such as the La3+, Gd3+, 
and L u 3+ to represent the beginning, middle and the end of the lanthanide cation series.
Cations(IH) Atomic No. Ln3+ No. of unpaired e‘ Ionic radii (A) [4]
La 57 4 / 0 1.160
Ce 58 4 / 1 1.143
Pr 59 4 / 2 1.126
Nd 60 4 / 3 1.109
Pm 61 4 / 4 1.093
Sm 62 4 / 5 1.079
Eu 63 4 / 6 1.066
Gd 64 4 / 7 1.053
Tb 65 4 / 6 1.040
Dy 6 6 4 / 5 1.027
Ho 67 4 /° 4 1.015
Er 6 8 4 / 3 1.004
Tm 69 4/ 12 2 0.994
Yb 70 4/3 1 0.985
Lu 71 4r 0 0.977
Sc 2 1 3d' 1 0.724
Y 39 Ad' 1 0.935
Table. 1.1. The trivalent cations (Ln) characteristics: atomic number, ionic configuration, number o f  
unpaired electrons, colour and ionic radii [4].
1.1.2. Oxidation state.
Since the 4 /  electrons are relatively uninvolved in bonding, the trivalent cations 
(Ln3+) are the most common oxidation state for lanthanides in solution, solid and even in 
their complexed state. However, the unusual Ln2+ and Ln4+ oxidation states could be 
formed by elements that can attain empty, half-filled or filled 4 /  shells. The divalent state 
of Sm2+ ( f ,  nearly half-filled), Eu2+ ( f , half-filled), Tm2+ ( f 3, nearly filled), and Yb2+ (Z14,
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filled) have been found in solution [4, 11]. However, the tetravalent state o f these cations 
has been reported for Pr4+ i f ,  nearly empty), Tb4+ ( f ,  half-filled), and Ce4+ ( f ,  empty). The 
latter has been found to exhibit a remarkable stability even in water [4,11]. A partial 
explanation for the existence of di and tetravalent ions could be attributed to the enhanced 
electronic stability associated with the empty 4f  (Ce4+), the complete single 4f  (Eu2+, 
Tb4+) and the double 4/ 14 (Yb2+) occupancy of the /-orbital. Johnson [11] related the 
existence of these oxidation states with their ionisation enthalpies, metal sublimation as 
well as their lattice energies.
1.1.3. Ionic radius.
In general, the ionic radii of the lanthanide cations are larger than these for the d- 
block transition elements [4-6]. Yet, the imperfect effective shielding o f one 4 / electron by 
another (more than that of the d  electron) results in increasing the effective nuclear charge 
experienced by the /  electron as the atomic number increases. As a result, a noticeable 
decrease in the ionic radii within the higher members of the lanthanides is observed as 
illustrated in Fig. 1.1 [12]. This observed reduction in the ionic radii as the atomic number 
of the lanthanides increases is often referred to as the ‘lanthanide contraction’ [1 2 ]. 
Moreover, the ionic radii of these cations are also affected by their oxidation state. Thus, 
divalent cations are found to have 1 0 % larger ionic radii than the tri-positive cations (see 
Fig. 1.1), while the ones with the smallest radii are the tetravalent cations [6 ].
1.30
♦  S n f+
♦  Eu2+
^  1.20  -
COhH
>
^ 3+Ho3+
0.90
56 61 66 71
A tom ic N u m ber
Fig. 1.1: A plot of ionic radii against the atomic number o f lanthanide(III) cations, showing their contraction [12].
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1.1.4. Paramagnetic properties.
The feature that attracted a great deal of attention in lanthanide chemistry is their 
paramagnetic character with the exception of La3+ i f )  and Lu3+ ( / 4). Lanthanide cations 
are known to possess diamagnetic properties [4]. The magnetic moment of the lanthanides 
is responsible for their paramagnetic nature, whose value depends on the number of 
unpaired electrons in the 5d orbitals. Fig. 1.2 shows a plot of the magnetic moment (p) of 
the lanthanide cations against their atomic number [4]. Two maxima are exhibited by these 
cations. These correspond to t h e /  configuration of maximum multiplicity.
,3+
Ho'
10 - .3+
O)
Pm'
.3+|3+
60 65 7055 75
Atomic Number
Fig. 1.2.: Paramagnetic properties o f the lanthanides(III) series [4].
1.1.5. Physical luminescence properties.
Weissman [13] was the first to observe the fluorescence characteristics o f the intra 
4 / transition in lanthanide complexes. This author noted that the photophysical properties 
of the lanthanide cations are due to the transition of the /  electrons, which promoted the 
fluorescence properties of the lanthanide complexes. The same author reported that 
complexes of lanthanide cations (except for La3+, Gd3+, Lu3+) are able to exhibit 
fluorescence when the ligand possesses a bond system that can absorb sufficient energy to 
be raised to an appropriate state and subsequently loses this energy either directly or by 
transferring it to the appropriate excited Ln3+ ionic state. This in turn loses energy by 
luminescence emissions [6 , 13]. However, stimulating lanthanide luminescence by direct 
excitation of their complexes presented a difficult task due to their poor ability to absorb 
light energy. In an attempt to overcome this obstacle, organic chromophores were
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incorporated into the encapsulating ligand. In this way, the ligand is able to act as an 
antenna by absorbing light energy efficiently and transferring it to the encapsulated Ln3+ 
cations in order to excite it to the emissive state [6 ] as depicted in Fig. 1.3. Thus, in the 
presence of chromophores, which are characterised by high absorption and near ultraviolet 
emissions, it is possible to achieve very efficient indirect excitation of Ln3+ luminescence.
(Ln3+)*
Energy transfe
Luminescence
LnJAntenna
Organic
ligandEnergy
Fig. 1.3: Schematic representation o f the energy transfer mechanism between the chromophore (antenna) and
the lanthanide cation complex [13].
1.1.6. Lanthanide co-ordination chemistry.
Lanthanides have neither restricted coordination number nor restricted geometry 
[6 ]. Their coordination number ranges from as low as 3 to as high as 12, although 8  and 9 
are the most common ones [6 ]. This variation in the co-ordination number can be 
attributed to steric factors and electrostatic forces of attraction and repulsion by the 
shielded 4 / orbital of the metal ion [14]. It can be also said that the co-ordination numbers 
o f lanthanides are not only related to the available active sites in the ligand but are also a 
function of the media. For example, it was found that the coordination number of 
Eu(C104 ) 3 in acetonitrile, CH3CN, is 9 [15] while this number in N, N- 
dimethylformamide, DMF, was found to be 8  [15]. Furthermore, changes in the
o 1
coordination number within the lanthanide series has been reported to occur at Nd (from 
8  to 9) and at Gd3+ (from 9 to 10) [16]. These findings can be explained in terms of the 
irregularities found in the lanthanide contraction, their increased acidity, and their non­
linear pattern of dehydration along the series. However, an important point to stress for 
Ln3+ complexes is that the energy of re-organisation in going from coordination number 7 
to 8 , from 8  to 9 and from 9 to 10 is sufficiently small that solvation may readily change 
the coordination number [16]. All of these factors can explain the differences found 
between stability constant (Ks) values for Ln3+ complexes o f the light relative to the heavy 
lanthanide ionic species when interacting with the same ligand [6 , 1 0 ].
Chapter 1 7
1.1.7. Lanthanide speciation in solution.
As far as the speciation of the lanthanide salts in solution are concerned, several 
species may be present in solution [17-18], hence it is important to identify the speciations 
in solution prior to proceeding with a thermodynamic investigation. The following studies 
review the effect of the counter-anion and the concentrations used on the speciation found 
in solution to ensure that the trivalent cations predominate in the solution under 
investigation.
Various studies in non-aqueous solvents reported the presence of anion co-ordination to 
lanthanide(III) cations. It was recently found that nitrate and sulfate ions behave as 
polydentate species that interact strongly with the lanthanide cations, and as a result, 
preventing ligand-cation interaction [19]. Btinzli and co-workers [20-22] investigated the 
interaction between the lanthanide(III) cations and various counter- anions in different
11Q
organ ic so lven ts . T heir in vestiga tion s u sed  L a-N M R  and F T -IR  m easu rem en ts and h ave  
sh ow n  ev id e n c e  o f  in teractions tak ing p lace b etw een  the La(III) ca tio n s and variou s an ions  
( C F 3 SC>3 ', CIOT, Br', C f ,  and N O 3 ') in m ethan ol at 298 K. T h ese in teractions lead  to  the  
form ation  o f  inner sphere co m p lex e s  o f  the typ e  L aX n(3’n)+ [20]. T h ey  a lso  foun d  that 
a m on g the stud ied  cou n ter-anions, the perchlorate (CIO 4 ') and the trifla te (C F 3 S O 3') an ions  
exh ib ited  the w ea k est interaction w ith  the lanthanide ca tion s in so lu tio n  [21]. In  contrast, 
Sem inara and R izzare lli [23] b ased  on  IR  stud ies con firm ed  the a b sen ce  o f  coord ination  
b etw een  lanthanide ca tion s and the triflate anion. H ow ever , in v estig a tio n s carried  out b y  
D i B em a n d o  and co-w ork ers [24] con clu d ed  that interactions o f  C F 3 S O 3 ' and CIO 4’ 
(cou nter-an ion s) w ith  the lanthanide ca tion s in C H 3C N  takes p lace . M oreover, a 
q uantitative F T -IR  stud y in v o lv in g  anhydrous Ln(III) perchlorate so lu tio n s in  C H 3C N , 
revea led  the ex iste n c e  o f  both  m onod en tate and b identate p erchlorate an ion s in  th ese  
so lu tion s at concentration  o f  0.05 m ol.d m ' . B tin zli and co -w ork ers [20-22], d em onstrated  
th e ab sen ce o f  in teractions b etw een  europium (III) ca tion s and th e p erchlorate an ion  in  
D M F , at the con centration  range o f  0.04 - 0.20 m ol.d m '3. In general, th e se  in v estig a tio n s  
con clu d ed  that the strength o f  lanthanide-anion  in teractions fo llo w s  th e seq u en ce ,
CF3SOT = CIO4 < Br < Cl < NO3'
Chopin and co-workers [4, 5] have performed conductivity measurements on solutions 
containing different concentrations of lanthanide triflate in anhydrous CH3CN at 298 K.
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The results suggested the presence of strong association, between Ln3+ cations and 
CF3 SO3’, in highly concentrated solutions. Danil de Namor and Jafou [25-26] used 
conductance measurements to investigate the lanthanide triflate salts speciations in 
anhydrous CH3CN at 298.15 K. Their reported data showed that a concentration lower 
than 1 0 ' 5 mol.dm ' 3 is required to safely consider that the trivalent cation predominates in 
solution. [25-27].
1.1.8. Applications.
Three decades ago the use of lanthanides was limited to the optical glass industry 
[6 ]. Later on they were recognised as NMR shift reagents in organic chemistry. Since then, 
numerous applications of lanthanides have been found in several branches of chemistry 
and biochemistry [6 ]. The following sections address the medical applications as well as 
few other applications of lanthanides.
1.1.8.1. Contrasting agents in Medicine.
Diagnostic imaging procedure benefitted from the availability o f safe compounds 
called ‘contrasting agents’. These when introduced to a body cavity (i.e. vessels, organs, 
bones, etc) are easily detected in an image. Currently, lanthanide complexes can be used as 
contrasting agents in nuclear imaging [28-29], X-ray imaging [30], and nuclear magnetic 
resonance imaging [31]. Each of these areas will now be briefly discussed.
1.1.8.1.1. Nuclear Imaging.
In nuclear imaging, a radioactive substance emitting high-energy gamma (y) 
radiation is administered to the patient and the intensity of its emission can be detected to 
provide quantitative information regarding the function of a targeted organ [29]. 
Radioactive lanthanide complexes have been used in nuclear imaging to detect tumours of 
the skeletal system [29]. Although lanthanide complexes have been tested for application 
in kidney scanning [32], other competing radionuclides (such as the radioactive "m T c ) 
are readily available and have more favourable decay properties, thus limiting the use of 
lanthanides complexes in this area [28].
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I.I.8.I.2. X-ray imaging.
In X-ray imaging, the incident X-ray beam is absorbed to various degrees by the 
different body tissues depending on the density and atomic number of their elements [29- 
30]. Thus X-ray contrasting agents are made from elements heavier than those found in the 
body and are characterised by greater radiation absorption than the body tissues [28]. The 
advantage of using lanthanides complexes is related to their high density and efficient 
absorption of X-ray energy. This allows using high X-ray energies, where the noise 
coming from the background bone signals diminishes. This property also makes these 
lanthanide complexes ideal for application in the dual energy subtraction radiography 
technique [33]. In this technique, a contrasting agent is administered to the patient whilst 
application of two X-ray beams having two different energies (one beam has higher 
energy and the other one has lower energy to that of the lanthanide absorption energy). 
Upon digitisation and signal subtraction processes done by computers, the resulting image 
will show exclusively the targeted tissue. However, although oxides [34] and chelates of 
Lu3+ [35], Yb3+ [36] and others [37] have been investigated, there seems to be no 
advantage of using these compounds instead of commercially available iodine based X-ray 
contrasting agents. Hence, no commercially available lanthanide based X-ray contrasting 
agents are yet available.
I.I.8.I.3. Magnetic Resonance Imaging (MRI).
Magnetic Resonance Imaging (MRI) or Nuclear Magnetic Resonance Imaging 
(NMRI) provides three dimensional images of tissue slices. This method relies on the 
detection of NMR signals evolving from the water (protons) in the body after exposing it 
to a pulse of magnetic field [31, 38-40]. Fig. 1.4 [31] provides a schematic representation 
of the events occurring during the pulsed proton NMRI.
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Fig. 1.4: Schematic representation o f the events occurring during pulsed NMRI procedure. Protons are 
represented by circular bars with magnetic dipoles. Application o f  a burst o f  appropriate radiofrequency, RF, 
alters the protons alignment. When the pulse is terminated, different protons return to their aligned position 
to produce different resonance signals. These signals are resolved into digital images by computer [31].
The intensity of the signal evolved and detected is partially dependent on the relaxation 
time of the water protons, which decreases substantially by a factor o f 1 0 6 when the water 
oxygen is close to a high paramagnetic Ln3+-complex such as that of Gd3+ [40]. Hence, 
water dissolved contrasting agents are used to increase the intensity o f the signal and 
reduce the scanning time. This is accomplished by using lanthanide complexes that 
shorten the proton relaxation time in the water that they are dissolved in [40-42].
The human body poorly tolerates the aqua Gd3+ cation on its own and it also has the 
implication of being slowly excreted by the body. Thus, this cation has to be administered 
to the body in the form of a complex that is kinetically very stable for the period o f time 
that this complex remains in the body [40-41]. Therefore, biological measurements
i  i
suggest the use of only strong chelated Gd complexes as NMR contrast agents. Hence, 
chelating ligands such as ethylenediaminetetraacetic acid (EDTA) and its derivatives are 
not reliable contrasting agents since they fail to protect the Gd3+ in serum [42] and 6 in 
vivo’ [28]. Strong chelating agents as complexes of tetraazacyclododecane-JV-iV
' jt
tetraacetate (DOTA) and diethylenetrilopentaacetic acid (DTPA) with Gd are 
commercially available for general use in MRI [40-41]. Application o f non-ionic 
lanthanide complexes are currently under investigations [37].
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1.1.8.2. Other medical applications.
In radiotherapy, radiation-emitting compounds such as 153Sm complexes with 
multidentate ligands containing phosphonate groups, have been found to concentrate in the 
bone, hence these have been tested for use as bone pain palliative agents [44]. Antibodies 
carrying 90Y are therapeutic radioisotopes that have sufficient energy to cause the death of 
the targeted cell in the double strand DNA cleavage and are under investigation for 
application as tumour-specific agents [45]. Lanthanide complexes have also been used as 
X-ray intensifying materials and relaxation agents for imaging techniques [28].
Specifically, Eu3+ and Tb3+ complexes were applied in the biomedical area for cancer 
therapy, specific cleavage of RNA and DNA, fluoroimmunoassays and luminescent 
labelling of biomolecules, structural and analytical probes, laser and therapeutic 
radioisotopes [46]. Ln3+ complexes have been also used as luminescent labels for analyses 
in biological media and as an alternative to radioimmunoassays [28].
Ln3+ complexes have also found application in the analysis o f biological substances via 
immunological assays [6 , 28]. Furthermore, the near-IR luminescence of Nd3+ and Yb3+ 
complexes has a great deal of potential for application in time resolved luminescence 
imaging. This is due to their relatively long luminescence life times that allow separation 
between the signal of these complexes from the short-lived background signals arising 
from biological molecules. Moreover, if their luminescence decay is reproducible, the 
measured luminescence over a certain period of time is thus directly proportional to the 
concentration of the Ln3+ complex in a specific area, thus providing information regarding
3+the organ’s function. Therefore, in comparison to the radiolabelled compounds, Ln 
complexes have the advantage of providing equally sensitive detection without the 
problems associated with handling and disposal of radio labelled substances.
1.1.8.3. Other applications.
Research has also concentrated on the development of solid-state phosphorus 
lanthanides for television screens [47], lasers (e.g. yttrium aluminium garnet, YAG, 
lasers), metal and alloys, and magnet materials [48]. Fluorescent lighting also uses 
powders that contain lanthanide ions to convert the ultraviolet light generated inside the 
tube by electric discharges into "white" light. In industry, lanthanides are used as catalysts, 
electrical and optical components and high-temperature superconductors [47].
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In conclusion the unique physical properties of lanthanides have led to raised 
awareness of their applications in different fields. As a result, researchers have
<7 i
concentrated on developing Ln complexes and to study their properties. Consequently,
the next section will define the area of chemistry that deals with the interaction between a
1
host molecule (ligand) and their guests (Ln ) cations, the so-called ‘Supramolecular 
Chemistry’ and provides an introduction to the macrocycles investigated in this work.
1.2. Supramolecular Chemistry.
In the early sixties, Pressman [49] found that naturally occurring antibiotics (i.e. 
valinomycin) are able to facilitate the transport of ions (such as sodium and potassium) 
across natural membranes. Later on, in 1967, Pederson [50] described for the first time the 
ability of crown ethers to complex with alkali-metal cations. This was followed two years 
later by Dietrich and co-workers [51] who published a study on the design, synthesis and 
binding properties of cryptands. These and other pioneering work led to the development 
of a new field of Chemistry distinguished by the term “Supramolecular Chemistry”. This 
field concentrates on the investigation of chemical species consisting of ligands (hosts) 
that are capable of complexing neutral or charged molecules (guests) [52-53].
As demonstrated in Fig. 1.5, while the core of Molecular Chemistry is focused on the 
covalent bond formed between A, B, C and D to produce the receptor and the substrate, 
the binding between the substrate and the receptor, governed by weak intermolecular 
interactions (i.e. electrostatic forces, hydrogen bonding, etc) is the core o f Supramolecular 
Chemistry [52]. The latter can be defined as ‘the field of chemistry that deals with the 
intermolecular bonds that binds the host to a certain guest and focus on the structure and 
function of the chemical species rather than on the individual molecules themselves’ [54].
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Fig. 1.5: The foundation o f  the Supramolecular Chemistry from the Molecular Chemistry [55].
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Macrocycles compounds could be classified [55] into the following two categories:
1 -  Naturally occurring macrocyclic compounds. These can be further subdivided into two 
groups, which are: the neutral macrocycles such as Valinomycin (Fig 1.6 ) [49] and the 
polyether (or carboxylic) macrocycles such as the open chain Nigericin molecule (Fig 1.7) 
[55].
CH3 ,C H 3 ch 3^  ^ h3 c h 3 c h 3
CH
r  i
CH
1
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- y -I
- 0 — CH— C --N H —  CH— C—0 - -C H -- C - -NH—CH—C—
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Fig. 1.6: Structure of Valinomycin [49].
h 3^ c h 3 n r H
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HO CH '
Fig. 1.7: Structure of Nigericin [55].
2 -  Synthetic macrocyclic ligands. Examples of these compounds include the tetraaza- 
macrocycles, crown ethers, cryptands, spherands, and calixarenes as shown in Fig 1.8 [54- 
55]. A brief description of each of these compounds is now given. However since this 
work focused mainly on the calixarenes, a detailed background on the chemistry of these 
macrocycles is given in the following sections. In addition, a brief account on cryptands is 
also given, since their interaction with lanthanide cations was considered in this work.
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Fig. 1.8: Synthetic macrocyclic ligands [55].
Synthetic Macrocyclic ligands.
Tetraaza-macrocvcles [55]: These planar compounds are known to complex strongly and 
selectively with transition metal cations (i.e. zinc, cobalt and nickel) even in water, due to 
the planar arrangement of their four nitrogen donor atoms [55]. See Fig. 1.8 (a).
Crown ethers [51-54]: These two-dimensional compounds discovered by Pederson [50] 
form strong complexes with alkali and alkaline-earth metal cations (as 18-crown-6 in Fig. 
1.8 (c)) [51-55]. Their complexation ability is generally characterised by the number of 
oxygen donor atoms that bind the metal cations inside their circular holes, which, unlike a 
cavity do not provide complete cation encapsulation [54]. This allows direct interaction 
between the cation and the solvent molecules [54].
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Spherands [54-57]: Spherands were discovered by Cram [55-57] and are mainly
characterised by their rigid octahedral cavity (Fig. 1.8 (b)). These compounds are strongly 
selective for the lithium cation and to a certain extent able to complex with the sodium 
cation [55]. Nevertheless, the lack of flexibility of their intramolecular cavity limits their 
complexation ability with larger metal cations.
Cryptands [54-58]: Cryptands are azamacrocycles synthesised by Lehn in 1969 [53]. 
These bicyclic compounds are characterised by a three-dimensional cavity lined with 
oxygen and nitrogen atoms [54-55]. Their size is determined by the length o f the bridges 
connecting the nitrogen atoms. Compared to crown ethers, they form stronger metal cation 
complexes and can provide a complete shielding of the metal cation from the solvent [55]. 
However, similar to crown ethers, they can interact with aminoacids through hydrogen 
bond formation [55].
The three dimensional cavity of cryptands results in a relatively rigid structure. The 
thermodynamics of cryptands with univalent and bivalent cations in water and non- 
aqueous media have been extensively discussed [59-63]. Cox and co-workers [58] have 
pointed out that cryptands with fewer than three oxygen atoms in the chains linking the 
bridgehead by nitrogen atoms are quite rigid and are able to discriminate more effectively 
between different Ln3+ cations. Therefore the high degree of flexibility in the large 
cryptands results in their low cation selectivity. As a result o f cavity size compatibility, 
cryptand 222 (Fig. 1.8 (e)) was found to complex strongly and selectively with metal 
cations (i.e. lanthanides) [59]. The interaction of cryptand 2 2 1  ( cavity size = 1 . 1  A [60]) 
and cryptand 2 2 2  (cavity size =1.4 A[60]) with Ln3+ (ionic radii ranged from 1.06 to 0 . 8 6  
A) in propylene carbonate was compared and the results showed that the Ln3+-cryptand 
222 complexes are more stable (~ 2.5 log units greater) than those for Ln3+-cryptand 221 
complexes in the same medium [59].
Some cryptand-Ln3+ complexes have been isolated and their solid-state structures were 
solved by X-ray crystallography [64]. Stability constants of cryptand-Ln3+ complexes of 
1 : 1  stoichiometry determined by electrochemical or spectrophotometric methods have 
been reported in water [65], methanol [6 6 ], propylene carbonate [67, 6 8 ],
dimethylsulfoxide [69], N, A-dimethylformamide [70] and acetonitrile [70] at 298.15 K. 
Although the preparation of solid complexes of Ln3+ cryptates and a few o f their stability 
constant values have been reported, thermodynamic data for these systems in different
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media are poorly available. Nonetheless, the thermodynamics of a few lanthanide cations 
(La3+, Pr3+ and Nd3+) and cryptand 222 in two dipolar aprotic solvents (acetonitrile and 
propylene carbonate) at 298.15 K have been previously reported [71]. However, these data 
should be treated with caution since high concentrations of Ln3+ salts were used as 
suggested from the work of Seminara and Rizzarelli [23].
1.3. Calixarenes.
Gutsche [72-73] discovered the remarkable features of these compounds that he 
named ‘calixarenes’ due to their shape resemblance to the calix crater vase. In general, the 
term ‘calixarenes’ covers a wide range of metacyclophanes that incorporate phenolic 
residues bridged by methylene groups with a hydroxyl group in their ortho position [73]. 
Despite the importance of the cup-shaped conformation of calixarenes, specifically in the 
/?-/er/-butylcalix[4]arene, few of the calixarene members have the cup-shape 
conformation. Nevertheless, the term ‘calixarenes’ has been loosely adopted to include all 
of the cyclic oligomers derived from phenol or resorcinol, even in cases where the cup- 
shape (hence the ‘calix’ term) is no longer descriptive of the shape [73]. The suffix ‘arene’ 
is attributed to the presence of aromatic rings in the structure of these compounds. Gutsche 
[72-73] introduced a method of defining the calix member by inserting a bracketed 
number between the ‘calix’ and the ‘arene’ to indicate the number o f phenolic rings that 
are included in the macrocycle, while the substitute identity o f the aromatic ring is 
indicated prior to the calix term. Hence, the term /?-fer/-butylcalix[4]arene indicates a four 
phenolic ring member derived from p-tert-butyl phenol.
1.3.1. Synthesis.
Despite Bayer’s [74] early investigation of the phenol and aldehyde reaction, his 
product was uncharacterised for sixty years until Niederl and Vogel [75] reported the 
formation of the cyclic tetramer from the acid catalysed reaction of resorcinol with 
aldehyde. In 1944, Zinke and Ziegler [76] obtained the cyclic tetramer structure by the 
base-induced reaction of /?-alkylphenols with formaldehyde. However, Comforth and co­
workers [77] investigated the Zinke reaction and concluded the presence o f other 
compounds among the cyclic tetramer product. In 1972, a major development in 
calixarene chemistry occurred, when Gutsche [73] re-investigated the Zinke compounds 
and developed an easy single-step method to prepare the cyclic tetramer. This method 
involves the alkaline condensation of /^-substituted phenol with formaldehyde catalysed by
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a base (Fig. 1.9) [78]. Nonetheless, his research in the area of calixarene chemistry also 
resulted in the development of several easy routes for their synthesis. These include base, 
acid, or neutrally induced procedures. His research showed that careful control o f the 
reaction condition; such as solvents, bases and reactants ratios would permit the syntheses 
of the cyclic tetramer, hexamer and octamer from ;?-fer/-butylphenol with good yields. In 
general, independently of the route of synthesis, the less accessible calixarene members 
are the ones with odd phenolic unit numbers [73].
+  HCOH
p -Alkyl phenol p-A \ky\ calix[4]arene (n= 4, 6, 8)
Fig. 1.9: Schematic representation o f  the single step synthesis o f calix[n] arene (n=4,6,8) [78].
1.3.2. Structure.
As far as p-/er/-butylcalix[4]arene is concerned, hydrogen bond formation between 
its hydroxyl groups gave it the rigid calix character [72-73]. In consequence, its structure 
is characterised by the presence of two cavities (Fig. 1.10) which are:
1. The hydrophobic cavity situated between the aromatic rings o f the ^-substituted 
phenolic units that forms the upper rim. This cavity is known to be able to interact 
with neutral species (i.e. solvent molecule).
2. The hydrophilic cavity formed in the lower rim by substitution of the phenolic 
hydrogens by various functional groups. Introduction of suitable functional groups 
in the lower rim could produce ligands designed for selective interaction toward 
the metal cation of interest.
Upper rim (hydrophobic cavity)
Lower rim ( hydrophilic cavity)OH
Figure 1.10: Schematic representation o f  the p-/er/-butylcalix[4] arene structure [73].
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X-ray crystallographic studies carried out by Andreetti and Ungaro [79] resolved the first 
solid-state structure o f a p-fer/-butylcalix[4]arene recrystallised from toluene (Fig. 1.11). 
As shown in the Fig. a solvent (toluene) molecule is encapsulated in its hydrophobic 
cavity.
Fig. 1.11: X-ray structure o f  p-fert-butylcalix[4]arene showing a molecule o f  toluene sitting in its 
hydrophobic cavity [79].
1.3.3. Stereochemical properties.
Comforth [77] divided the conformation of /?-/er/-butylcalix[4]arene into four 
main categories (as shown in Fig. 1.12), (a) with aryl groups all syn to one another, (b) 
with three aryl groups syn and one anti, (c) with adjacent pairs of aryl groups syn and anti 
and (d) with non-adjacent pairs of aryl groups syn and anti. These conformations (Fig. 
1.12) were later on renamed by Gutsche [72-73] as ‘cone’ (a), ‘partial cone’ (b), ‘1,2 
alternate’ (c) and ‘1,3 alternate’ (d) conformations, respectively. X-ray crystallographic 
studies revealed that in its solid state, p-tert-butylcalix[4]arene favours the ‘cone’ 
conformation which was attributed to the strong intramolecular hydrogen bonding in its 
lower rim [72]. However, it should be noted that the actual conformation possesses more 
symmetries owing to the torsional changes in the aryl group orientations [80]. For example 
the ‘cone’ conformation can be associated with a flattened ‘cone’ structure in which one 
pair of aryl groups becomes more parallel while the other pair points outwards from the 
calix axis.
Fig. 1.12: Schematic representation o f the four conformations adopted by the /?-fe/7-butylcalix[4]arene [73].
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On the other hand, increasing the number of phenolic units in the calixarenes, causes the 
intramolecular hydrogen bonding to become weaker, which leads to an increase in their 
possible conformations. As a result, whilst the /?-/e7/-butylcalix[6 ]arenes exhibits eight 
conformational possibilities, the calix[8 ]arenes exhibited sixteen possible conformations 
[80].
1.3.4. Physical properties
As shown in Table 1.2 [80-82], the parent /?-fer/-butylcalix[n]arenes (n = 4-8) are 
characterised by high melting points. This is mainly attributed to the intermolecular 
hydrogen bonding between their hydroxyl groups. However, inspection of Table 1.2 
revealed that among the /?-fer/-butylcalixarene members, those with relatively lower 
melting points are the ones that had odd or higher numbers of phenol units. This can be 
explained in relation to the increase in the degree of flexibility (hence weaker hydrogen 
bonding) in the higher members of /?-tert-butylcalix[n]arenes relative to the rigid p-tert- 
butylcalix[4]arene. Modification of the melting point is achieved by fimctionalisation of 
the calix[n]arenes to obtain derivatives exhibiting lower melting points [80-82].
Compounds Melting points (°C)
/?-ferr-butylcalix[4]arene [82] 342-344
/?-fer/-butylcalix[5]arene [81] 310-312
p-tert-butylcalix[6 ]arene [82] 372-374
/?-ferr-butylcalix[7]arene [81] 249-260
/?-tert-butylcalix[8 ]arene [82] 317-318
Table 1.2: The melting points of/>fert-butylcalix[n]arenes (n = 4, 5, 6 , 7 and 8 ).
As far as solubility of calixarenes are concerned, they are characterised by low 
solubility in most solvents [80-84]. This characteristic is mainly attributed to the 
intermolecular hydrogen bonding in the calixarene lower rim. Solubility data for p-tert- 
butylcalix[4] arene are included in Table 1.3. However, similarly to what was observed 
with their melting point, the solubility of calixarenes can be modified according to the 
nature of the / 7-substituent to obtain derivatives with higher solubility. Although these 
compounds are almost insoluble in water, Ungaro and co-workers [85] successfully 
synthesise a water-soluble carboxymethyl ether tetramer functionalised calixarene 
derivative. This work was subsequently followed by the synthesis o f other water-soluble 
/?-ferr-butylcalix[4]arene derivatives such as the sulfonated functionalised derivative
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reported by Shinkai and co-workers [86-87] and the amino functionalised derivatives 
synthesised by Gutsche [88-89]. Danil de Namor and co-workers [83-84] reported 
solubility data for the parent (reported in Table 1.3) and several functionalised p-tert- 
butylcalix[n]arenes in different solvents at 298.15 K.
Solvents Solubility (mol /  dm '3)
Methanol 5.90 x lO ' 4
Ethanol 3.30 x lO -4
A,/V-dimethylformammide 1.10 x lO ' 3
Acetonitrile 4.73 x 10' 5
Hexane 2.12 x lO ' 4
Chloroform 4.34 x lO ' 3
Benzonitrile 9 .47x1 O' 4
Nitrobenzene 1.83x1 O' 2
Table 1.3: Solubility data for /?-fer/1-butylcalix[4]arene in different solvents at 298.15 K [83].
On the other hand, despite the low solubility of calixarenes in most solvents, their 
molecular weights were determined from very dilute solutions via mass spectroscopic 
measurements and these are included in Table 1.4 [90-93]. These measurements were first 
reported in 1964 by Erdtman and Ryhage [90]. Generally, it should be emphasised that the 
characterisation of calixarenes via mass spectroscopy is considered to provide limited 
information relative to !H-NMR or X-ray crystallography.
Compound Signals in Mass spectra (m/e)
/?-fer/-butylcalix[4]arene[ 123] -6 5 6
/?-fert-butylcalix[5]arene[ 122] -6 8 0
/?-feT7-butylcalix[6]arene[123] -9 7 2
/>-tert-butylcalix[7]arene[ 122] -8 8 3
/?-fer/-butylcalix[8]arene[123] -  1300
Table 1.4: The signals of/?-fert-butylcalix[4]arene in Mass Spectra [90].
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1.3.5. Spectral properties.
1 H-NMR and 13C-NMR spectra of the p-fert-butylcalix[4] arene in deuterated 
chloroform, CDCI3 , at 298 K are shown in Figs. 1.13 and 1.14 respectively. The 1 H-NMR 
spectrum (Fig. 1.13) consists of three singlets (corresponding to the aromatic, the p-tert- 
butyl, and the hydroxyl protons) and a pair of doublets (corresponding to the protons of
13the methylene bridge), while the C-NMR spectrum of the /?-/er/-butylcalix[4]arene (Fig. 
1.14) [80] consists o f four singlets for the aromatic carbons, a doublet for the methylene 
carbons and a quartet for the p-tert-butyl groups [80, 94-96].
T7T Tr T T T T
Fig. 1.13: 'H-NMR spectrum ofp-/e/7-butylcalix[4] arene in deuterated chloroform at 298 K [73].
160 _ 1*0  t2€l ■ tOO ao 6 0  ■ 4CO ' 2© O
Fig. 1 .14 :13C-NMR spectrum of/?-/er/-butylcalix[4]arene in deuterated chloroform at 298 K [80].
Kemmerer and co-workers [93] studied the effect of temperature on the 1 H-NMR 
spectrum of the /?-ter/-butylcalix[4]arene in CDCI3 . They noted that at high temperatures 
(around 60C) the doublet assigned to the methylene bridge protons changed to a singlet. 
This phenomenon is attributed to the increased mobility of the calix[4] arene arms at high 
temperature, leading to a faster interconversion rate between its different conformations 
which cannot be captured on the relatively slow *H-NMR time scale. In contrast, at low 
temperature, the interconversion between the calixarene conformations occurs at a slower 
rate which can be observed on the 1 H-NMR time scale. As a result, at this temperature, the 
resonance of the methylene bridge protons is seen as a pair of doublets. Additionally, at 
low temperature, the number of signals assigned to the protons of the methylene bridges
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provides information that discriminates between the members of calixarenes [80, 94]. For 
example, in the />-fer/-butylcalix[6 ] arene, the methylene bridging protons are represented 
by three pairs of doublet signals while for the p-tert-butylcalix[7]arene these are 
represented by six signals, indicating their non-symmetrical conformation as compared to 
the pair of doublets seen for the tetramer calixarene. However, this information is lost at 
high temperature since the bridged methylene protons are represented by one singlet [95]. 
Furthermore, the position of the hydroxyl resonance in the 1 H-NMR spectrum depends on 
the calix ring size and on the strength of the intermolecular hydrogen bonds. Hence, the 
larger number of phenolic rings in the />-/er/-butylcalix[8 ]arene causes it to display the 
signals of OH at lower chemical shifts than that of the p-fer/-butylcalix[4]arene [94]. This 
is partially due to a weaker intermolecular hydrogen bonding in the former compared to 
the latter.
1 ^On the other hand, C-NMR studies by De Mendoza and co-workers [97] reported the 
possibility of deducing calix[n]arene conformations from the position of the methylene 
carbon (CH3) resonance in the 13C-NMR spectrum . For example, they reported that the 
CH3 carbons resonate near 31 ppm when the attached phenol groups are in the syn 
orientation, while they resonate near 37 ppm when in the anti orientation.
As far as the infrared spectrum of parent p-terr-butylcalixarenes is considered, these are 
characterised by the low frequency of the OH-stretching bond which takes place in the 
region between 3100-3500 cm ' 1 [80]. This lower position for the OH vibration is again 
attributed to the strong intermolecular hydrogen bonding at the lower rim and is thus 
affected by the number of phenolic rings included in the calixarenes. As a result, the 
vibration of the OH bond is found at 3150 cm ' 1 for the cyclic tetramer, while it is found at 
3300 cm ' 1 for the cyclic pentamer [80]. However, infrared spectra cannot provide a simple 
‘fingerprint’ region for differentiation between the calixarene members since their spectra 
are nearly the same.
Moreover, ultraviolet (UV) spectra of j9 -/er/-butylcalixarenes are characterised by two 
peaks of maxima absorbance (at 280 and 288 nm wavelengths) [80]. The intensity ratio of 
these spectra is proportional to the strength of the intermolecular hydrogen bonding and 
thus indirectly related to the ring size [80]. As a result, while the intensity ratio is 1.3 for 
the cyclic tetramer, it is only 0.75 for the cyclic octamer. However, similar to infrared, 
these UV spectra provide limited information and cannot be used as a method of 
identification or differentiation between the /?-ter/-butylcalixarene members .
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1.3.6. Calix[4]arene derivatives.
The functionalisation of the upper and lower rim of calixarenes is the main 
feature that makes these compounds very attractive as platforms for developing an 
unlimited numbers of tailored derivatives [98-99]. The following section provides few 
examples for the routes of functionalisation of the /?-ter/-butylcalix[4]arene.
1.3.6.1. Upper rim functionalisation.
The detertbutylation process can be performed to remove the p-tert-butyl groups 
from the /?ara-position in calix[4]arenes [100]. This procedure can be performed via the 
action of aluminium chloride (AICI3) and phenol in toluene as the solvent medium and 
results in high yields. Once the tert-butyl groups are removed, the upper rim can be 
functionalised by an electrophilic substitution reaction to produce a wide range of upper 
rim calix[4]arene derivatives. Ungaro and co-workers [85] were the first to synthesise an 
upper rim derivative of the tetramer functionalised with carboxymethyl ether. Another 
example of such substitution at the upper rim was performed by Shinkai and co-workers 
[101] in the preparation of the sulphur derivative as shown in Fig. 1.15.
16
OHOH
Fig. 1.15: Schematic representation o f the reaction followed to obtain the upper rim calix[6]arene derivative 
reported by Shinkai and co-workers [101].
1.3.6.2. Lower rim functionalisation.
The hydroxyl groups of the parent /?-fer/-butylcalix[n]arene at the lower rim 
provide readily substitution sites for different functionalisation reactions. Various 
functional groups have been used to produce new lower rim /?-ter/-butylcalix[4]arene 
derivatives. Among these are esters [58], amines [104], ketones [102], amides [103] and 
others [105-106]. Danil de Namor and co-workers [104-106] reported the synthesis of 
different amino />-fer/-butylcalix[4]arene derivatives (Fig. 1.16) with the aid o f 18-crown- 
6  and potassium carbonate (K2 CO3) in acetonitrile [105].
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Fig. 1.16: Different />ter/-butylcalix[4]arene derivatives containing tertiary amino groups [104-105].
The ligands used in this work also present examples of lower rim calix[4]arene derivatives 
such as the {tetrakis [1-(ethyl) methyl ketone]oxyl} p-tert-butylcalix[4]arene synthesised 
by Sueros Velarde [104] shown in Fig. 1.17.
Fig. 1.17: Schematic representation for {tetrakis[l-(ethyl) methyl ketone] oxyl} p-tert-  butyl
calix[4]arene[104].
Additionally, each of the four hydroxyl groups in the parent calix[4]arenes can be 
functionalised separately to obtain a wide range of calix[4]arene derivatives. As an 
example, synthesis of the {[di-ethyl phosphate amino] ethoxy di-hydroxy} p-tert 
butylcalix[4]arene (Fig. 1.18) was accomplished through a three steps reaction procedure 
[106]. Sueros Velarde [104] synthesised the di-substituted tertiary amide calix[4]arene 
derivative; namely {di-substituted {[V,V-dimethyl carbamyl] oxyl di-hydroxyl} p-tert- 
butylcalix[4]arene (Fig. 1.18) via a single step reaction. This was accomplished via 
reacting a suitable ratio of the functional group with the parent p-ter/-butylcalix[4]arene 
with the aid of potassium carbonate and 18-crown-6 in acetonitrile. However, this ligand 
had a ‘1-3 alternate’ conformation, hence lacking a proper cavity for metal cation 
encapsulation. In this work, Sueros Velarde modified the reported synthesis procedure by 
introducing potassium iodide to obtain this ligand in its ‘cone’ conformation (verified by 
1 H-NMR and X-ray crystallography studies reported later on in this thesis) [105]. In
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conclusion it can be said that an unlimited number of lower rim calixarene derivatives can 
be obtained by careful design.
OH
OH
{Di -[jV, yV-dimethyl carbamyl] ethoxy {Di-[ethyl-phosphate amino] ethoxy
di-hydroxyl} p-tert-butyl-calix[4]arene [105] di-hydroxyl}/?-/er/-butylcalix[4]arene [106]
Fig. 1.18: Schematic representation o f  two lower rim /?-fert-butylcalix[4] arene derivatives used in this work.
1.3.6.3. Different functionalisation approaches.
The less common modification of the calixarenes involves the oxidation or 
reduction of their phenolic rings or bridging methylene groups, the reduction of the aryl 
substituents and the oxidative coupling of calixarenes [98-99]. Hays and Hunter [107] 
reported different approaches to accomplish the substitution of different phenolic units by 
fragment condensation. Finally, calixarenes can be attached to each other in various ways 
{via single or double links) to form larger molecules that contain more than one unit of 
calixarene thus obtaining multi-calixarene compounds [98-99].
1.3.7. Applications.
Perrin and co-workers [108] and Gutsche [73, 80] realised the potential 
applications of calixarenes and their derivatives. These led to growing awareness o f their 
applications in various fields and a few of these are mentioned in the following sections.
I.3.7.I. Extraction of lanthanides.
As far as lanthanide cations are considered, the water molecule competition for 
these cations prevents their coordination, unless ligands containing donor atoms having 
higher affinity than that of water are involved. Therefore, only ligands that contain oxygen 
donor atoms or a mixture of oxygen and nitrogen donor atoms are used for extraction 
purposes of these metal cations. Therefore, studies on the potential applications of 
calix[4]arene derivatives containing oxygen and nitrogen have been reported [109-111]. 
For example, Beer and co-workers [111] investigated the extraction of these cations from
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aqueous solutions using a calix[4]arene derivative. Additionally, since p-tert- 
butylcalix[8 ]arene was found to form complexes with lanthanide cations that are soluble in 
organic solvents, Bunzli and Harrowfield [112] suggested that this ligand can be used for 
lanthanide purification as well as lanthanide ion catalysts of reactions in polar solvents.
1.3.7.2. Extraction of metal cations.
Many studies on the potential applications of calixarene derivatives for the 
purpose of extraction of various metal cations have been carried out. Thus McKervey and 
co-workers (113), Ungaro and co-workers (85) and Danil de Namor and co-workers (114- 
115) have reported such studies. However parent calixarenes and their derivatives have 
been used for the recovery of caesium [108], uranium [116] and lanthanide [117] cations.
1.2.7.3. Chemical sensors and ion selective electrodes.
An important area of application of calixarene derivatives lies in the development 
of chemical sensors. This is accomplished by preparing ion selective electrodes being able 
to detect the substance of interest in a certain concentration range. Diamond and co­
workers [118] developed ion selective electrodes based on calixarene derivatives to target 
Na+[119], K+[120], Cs+[121] and Ca2+[122] cations. Similarly sensors for soft cations such 
as Ag+ and Cu2+ have received much attention [123]. Applications o f calixarene 
derivatives in the area of optical amine sensors [124] and toxic chemical detectors [125] 
have also been investigated.
1.3.7.4. Separation and purification of neutral molecules.
Due to the ability of calix[4]arene derivatives to host neutral molecules in their 
hydrophobic cavity, these macrocycles were used for the extraction of xylene [126], 
removal of halogenated hydrocarbons from water supplies [127] and the separation of 
aromatic compounds from gaseous hydrocarbon mixtures [128].
1.3.7.5. Therapeutic and biological applications.
The applications of calixarenes derivatives as tuberculosis agents, was first 
recognised by Comforth and co-workers [129] in 1955. Later, Hart and co-workers [130] 
also reported the inhibition of mycobacterium tuberculosis when using a lower rim 
polyethyleneoxy calixarene derivative 'in vivo\ Calixarenes were also used as anti HIV 
agents [131], electrophotographic photoreceptors [132], photographic toners [133], 
antioxidants [134], curing agents [135] and temperature sensing devices [136].
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Additionally, many calixarene derivatives have been developed and tested 'in vivo’ as 
potential bioactive compounds, such as the use of upper rim functionalised calixarenes 
with sulfonic acid, sulfonate and sulfonamide groups as anticoagulant and antithrombotic 
agents [98]. In addition, certain calixarene derivatives showed a remarkable activity as 
antiviral, antimicrobial and antifungal agents [80]. Finally, the applications o f complexes 
formed between calixarene derivatives and radioactive 22 5Ac3+ for the treatment of cancer 
cells by radiotherapy are under investigation [131].
1.4. Complexation chemistry.
To achieve complexation with the targeted lanthanide cations it is important to 
understand their requirements and to design tailored ligands that fit those requirements. 
Hence the following sections give brief accounts on the complexation chemistry of 
lanthanide cations, calixarene derivatives and lanthanide-calixarenes complexes.
1.4.1. Complexation chemistry of lanthanide cations.
Complexes of lanthanide cations are reported to closely resemble those of the 
alkaline-earth metal cations due to their similarity in both, size and noble-gas type valency 
shell configuration [6 ]. An important aspect of the lanthanide cation chemistry is the 
strong ionic character of their binding in solution which was discussed in detail by Moeller 
and co-workers [137] and Choppin [138]. In general, lanthanide cations act as hard acidic 
metal cations that interact preferably with hard bases such as oxygen donor atoms rather 
than the softer bases such as sulphur and phosphorous donor atoms [139]. Thus interaction 
of neutral ligands with lanthanide cations is mainly accomplished via ion-dipole 
interactions between the donor atoms of the ligand and these cations [139]. The following 
list summarises the factors governing lanthanide complexation.
a - Site selectivity: The ionic character of the lanthanide cations leads to their preference 
for donor atoms in the following decreasing order [137-139].
O > N > S = P
Thus, lanthanide cation preferential chelates are multidentate ligands containing several 
oxygen donor atoms [139].
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b - Size and geometry of the ligand cavity. For example, as far as Eu3+ and Tb3+ cations 
are concerned, their effective ionic radii are approximately 1.07-1.12 A and 1.04-1.10 A 
[4], respectively in the 8  or 9 co-ordination number complexes [139]. Therefore, these 
numbers provide a rough guide for the cavity size required to facilitate their encapsulation.
c- Number of donor atoms available in the ligand. In general, the majority o f the more 
soluble reported lanthanide complexes are those formed with octadentate ligands [139]. 
Thus a suitable ligand for lanthanide cation encapsulation contains at least eight or more 
donor atoms.
It should be noted that in conjunction with the process of complexation between a ligand 
and a cation in solution, another process takes place in solution, which involves a 
competition between the ligand and the solvent for this cation. Thus, it is essential to 
emphasise that the presence of any traces of water would compete with the ligand for the 
Ln3+ cations and may cause the formation of polynuclear macrocylic complexes 
containing partially hydroxylated lanthanide ions [137-139]. Data reported by Bums and 
Baes [65] for solutions of lanthanide cations in a water-methanol (5:95) mixture showed 
this competing hydrolysis phenomenon. Yet, the tendency of the lanthanide cations to 
hydrolyses presents an advantage from the point of view of recycling. This is achieved by
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preparing ligands that are able to encapsulate Ln cations in a certain medium. Once 
lanthanide complexes are formed, altering the conditions of this medium (i.e. pH) the 
dissociation of these complexes is facilitated and hence recycling is possible.
1.4.2. Complexation chemistry of p-tert butylcalix[4] arene.
As far as the parent /?-fer/-butylcalix[4]arene is concerned, its complexation 
affinity is attributed to the existence of the lower and upper rim cavities, where the former 
acts as ion receiver while the latter might act as a solvent receiver. This behaviour was 
reported for the p-tert-butylcalix[4]arene with toluene, benzene, xylene, and anisole [79]. 
As cation receptors, the unsubstituted calix[4]arenes were found to be relatively 
ineffective, whereas their lower rim functionalised derivatives (i.e. amides, ketones, esters 
etc.) may exhibit significant cation affinity. Researches have focused on studying the 
interaction between these derivatives with mono, bi, and tri positive cations [113].
While synthesis of cation receptors have received extensive attention, synthesise of anion 
receptors has been slow in comparison, which is mainly due to a number o f unique
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properties associated with the anion. These properties include their negative charge that 
delocalise over a number of atoms, relative larger size, different shapes when compared to 
cations, and their dependence on the pH and solvation [141]. However several complexes 
between calixarene derivatives and ions have been reported [98, 141].
Since the aim of this thesis is to produce ligands that target lanthanide cations, it should be 
emphasised that the parent />-fert-butylcalix[4]arene is considered as a poor ligand to 
target Ln3+ cations, since the only ligating donor atoms available are through the four 
phenolic oxygens when ideally these cations require at least eight ligating sites for the 
formation of strong complexes. The amide derivatives in particular were reported to form 
stable complexes with lanthanide cations in aqueous and non-aqueous solvents [26, 98]. 
More examples related to the /?-fert-butylcalix[4]arene derivative interactions with these 
cations will be given in the following Section.
Although the synthesis of calix[4]arene derivatives represent on itself a great task to 
perform, the characterisation of the host -  guest interactions in solution manifests itself as 
an important aspect. However, most thermodynamic data for the complexation process of 
j9 -fert-butylcalix[4 ]arene derivatives are limited to a few cations, mainly univalent cations, 
and solvents. Danil de Namor and co-workers [25, 104, 114-115] have reviewed the 
thermodynamics of lower and upper rim functionalised p-tert-butylcalixarenes derivatives 
as well as their complexes with neutral and ionic species in various solvents.
1.4.3. Lanthanide-calixarene complexes.
The possibility of using calixarene derivatives as ligands to encapsulate the 
lanthanide cations has been explored [18]. As mentioned previously, owing to the 
lanthanide cation’s electrostatic nature, these cations interact strongly with ligands 
containing hard donor atoms. Therefore, parent calixarenes and their functionalised (e.g. 
amides, ketones, amines, etc.) derivatives containing a large number of hard donor atoms 
(i.e. oxygen) are expected to bind lanthanide cations. Harrowfield and co-workers [142- 
145] have established the crystal structures of a number of lanthanide complexes with p- 
/er/-butylcalix[4]arene, /?-ter/-butylcalix[6 ] arene and />-fer/-butylcalix[8 ]arene. 
Furthermore, he isolated and established the solid state structure o f the first lanthanide 
complex; for the binuclear complex of europium with /?-ter/-butylcalix[8 ]arene from N,N- 
dimethylformamide via X-ray crystallographic studies [146].
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The complexation of a tetraacetamide j9 -fer/-butylcalix[4 ]arene derivative (shown in Fig. 
1.19) with the middle lanthanide cations (Eu3+, Gd3+ and Tb3+) in different media has been 
investigated to exploit their luminescence properties [109-110]. The results of this 
investigation revealed that this ligand exhibits stable and fairly strong encapsulation of 
E u3+ and Tb3+ cations in different media and good energy transfer from the ligand’s phenyl 
groups to the encapsulated cation. However, the relatively lower stability o f the complexes 
found in water compared to the required high complex stability for ‘in vivo’ application 
ruled out the use of these complexes as MRI contrasting agents. Other p-tert-butyl 
calix[4]arene derivatives in which two of the amide groups are replaced by bipyridine 
groups showed good stability and efficient yield of luminescence emissions and are being 
investigated for ‘in vivo’ applications [98].
C2H5 c 2h 5
Fig. 1.19. Structure o f the amide calix[4]arene derivative [109-110]
Moreover the lanthanide cation complexation in nonaqueous medium is important from 
the point of view of separation and purification of lanthanides [4, 25]. Few reported 
studies investigated the extraction properties of p-tert-butyl calix[4]arene derivatives for 
lanthanide cations from water to nonaqueous solution. For example, Beer and co-workers 
[1 1 1 ] have investigated the lanthanide extraction from aqueous solutions by a partially 
substituted calix[4]arene amide derivative shown in Fig. 1.20.
OH
Fig. 1.20. Structure o f  the di-substituted calix[4]arene amide derivative used in Beer extraction studies [111]
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Data on the interaction between the upper and lower rim /?-fer/-butylcalix[4]arene 
derivative shown in Fig. 1.21 with lanthanide cations have been reported by Roundhill 
[147], McKervey and co-workers [113] and Amuaud-Neu [46]. These are included in 
Table 1.5 and were limited to the determination of stability constants in three nonaqueous 
solvents, namely methanol, TV, A-dimethylformamide and acetonitrile at 298.15 K.
o c h 2c o 2h  o h0CH2C02Et OH
Fig. 1.21: Lower rim p-alkyl-calix[4]arene derivatives used by McKervey and co-workers [113] and Amaud- 
Neu [46].
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Table 1.5 Stability constants, log Ks, values determined for the complexes formed between Ln3+ 
cations and calix[4]arene derivatives (Fig. 1.21) in three nonaqueous solvents at 298.15 K. [113, 
46].
Ligand R R ’ log Ks(Pr3+) log IQ (Eu3+) log Ky (Yb3+)
No.
Methanol
2 Et 8.5 8.7 8 . 1
2 Pyrrolidinyl 8 . 1 8 . 0 8 . 2
3 20.7 25.0 24.8
6 CH2 C 0 2But CH2 C 0 2H 13.5 13.4 14.4
7 c h 2 c o 2h CH2 C 02Et 8.3 8.3 9.3
c h 2 c o 2h CFLCC^Bu1 8 . 8 8.5 9.4
5 17.0 15.9 18.0
8 22.9 23.2 24.8
A^A^-dimethylformamide
1 [n=4] iPr 3.4 3.6 3.5
1  [n=6 ] iPr 3.5 3.1 3.5
1  [n=8 ] iPr 4.7
Acetonitrile
4.8 4.5
4 5.1 4.6 3.4
The following conclusions can be drawn from the above data (Table 1.5). 
i) The lanthanide complexes with carboxylic acid groups were more stable than those 
with neutral groups since ion-ion interactions are stronger than ion-dipole interactions. 
Thus in methanol, the stability of the complexes between the investigated ligands and 
Ln3+ cations was comparable for ligand 3 and ligand 8  followed by ligand 5. ii) In 
acetonitrile the stability of the lanthanide complexes with Ligand 4 was found to decrease 
from Pr3+ to Yb3+ cations. This was attributed to the relatively large cavity of this ligand, 
hence providing a better fit to the larger Ln3+ cations, iii) In N, Y-dimethylformamide, 
increasing the ring size of ligand 1  in the octamer (n = 8 ) caused a slight increase in the 
complex stability relative to the tetramer (n = 4) and the hexamer (n = 6 ).
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The preparation and the characterisation of solid complexes of lanthanide (III) metal 
cations with macrocyclic compounds have been reported. However, with the exception of 
a few studies, most of the data reported in the literature for the interaction between p-tert 
butylcalix[4]arene derivatives and lanthanide cations are limited to stability constant (Ks) 
values [10, 25-26, 148]. Danil de Namor and Jafou [25-26] investigated the 
thermodynamic parameters of complexes formed between /?-fer/-butylcalix[4]arene 
derivatives (Fig. 1.22) and trivalent cations in acetonitrile and N, iV-dimethylformamide at
298.15 K. These thermodynamic parameters were accomplished by calorimetry (classical 
and microcalorimetric titrations).
c = o
Tetrakis(l, 1 -dimethyl) bis[2-(methylthio)oxyl] Tetrakis(7V,JV-diethylaminoethyl) Tetrakis(tetradiisopropylaceta-
bis[2-(diethylamine)ethoxy]calix[4]arene, LI oxyl] p-/er/-butylcalix[4]arene,L2 mide)p-tert-butylcalix[4]arene,L3
c = o
Tetrakis(tetraethanoate) oxyl 
p-fe/7-butylcalix[4] arene, L4
—14
Tetrakis(2-pyridylmethyl) oxyl] 
;?-tert-butylcalix[4]arene, L5
Tetrakis(methylenebensotriazole) oxyl] 
p-/er/-butylcalix[4]arene, L6
Fig. 1.22. Calix[4]arene derivatives used in Danil de Namor and Jafou studies [25-26].
Thermodynamic parameters reported by Jafou [26] for the complexation o f the trivalent 
cations and LI, L3, L5 and L6 (Fig. 1.22) in acetonitrile at 298.15 are included in Table 
1.6 [26], while those for the complexation of these cations with LI, L2 and cryptand 222 
in N, jV-dimethylformamide at 298 K are included in Table 1.7 [26].
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Table 1.6: Thermodynamic parameters for the complexation of trivalent(III) cations and LI, L3, 
L5 and L6  (Fig. 1.22) in acetonitrile at 298.15 K obtained by microcalorimetry [26].
Cation logK s ACG 7  k J  mol' 1 ACH 7  k J  m o l1 ACS°/ J.K ' 1 mol' 1
Sc3+ 4.49 ± 0.03 -25.61 ±0.17
LI
-164.24 ±0.53 -464.9
Y 3+ 4.39 ± 0.05 -25.08 ±0.30 -94.42 ±0.31 -232.6
La3+ 4.59 ±0.01 -26.20 ± 0.06 -188.28 ±0.89 -543.6
P r3+ 4.66 ± 0.02 -26.58 ±0.11 -172.47 ±0.56 -489.3
Nd3+ 4.59 ± 0.02 -26.20 ± 0 . 1 1 -179.08 ±0.55 -512.8
E u3+ 4.80 ±0.07 -27.37 ± 0.38 -142.05 ±0.86 -384.5
Gd3+ 5.07 ±0.05 -28.91 ±0.29 -146.35 ±0.50 -393.9
Tb3+ 3.68 ±0.02 -21.02 ±0.13 -187.17 ±0.86 -556.7
4-
4.39 ±0.07 -25.06 ± 0.39 -156.46 ±0.15 -440.7
Sc3+ 3.75 ±0.03 -21.40 ±0.17
L3
-100.66 ±0.50 -265.8
Y 3+ 4.96 ± 0.05 -28.31 ±0 . 28 -70.83 ± 0.23 -142.6
P r3+ 3.67 ±0.06 -20.95 ± 0.34 -108.88 ±0.71 -294.9
Nd3+ 3.86 ±0.06 -22.03 ± 0.34 -90.80 ± 0.69 -230.7
E u3+ 5.21 ±0.10 -29.74 ±0.57 -72.80 ±0.38 -144.4
Gd3+ 5.24 ± 0.09 -29.91 ±0.51 -79.13 ±0.59 -165.1
Tb3+ 4.66 ± 0.06 -26.60 ± 0.34 -101.77 ±0.39 -252.1
Yb3+ 3.78 ±0.04 -21.58 ±0.23 -83.72 ± 0.28 -208.4
Y 3+ 3.05 ±0.03 -17.41 ±0.17
L5
-60.47 ± 0.43 -144.4
y 3+ 2.71 ±0.02 -15.47 ±0.11
L6
-25.25 ±0.47 -32.8
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Table 1.7: Thermodynamic parameters for the complexation of trivalent(III) cations with LI, L2 
and cryptand 222 (Fig. 1.22) in N, A^dimethylformamide at 298.15 K obtained by 
microcalorimetry [26].
Cation logK s ACG 7  k J  m o l1 ACH 7  k J  mol' 1 ACS0/ J .K *1 mol' 1
LI
Sc3+ 3.19 ± 0.10 -18.21 ±0.56 -84.31 ±0.42 -221.7
Y 3+ 2.73 ± 0.08 -15.58 ±0.46 -6.26 ± 0.47 31.3
E u3+ 3.32 ±0.08 -18.95 ±0.45 -19.69 ±0.29 -2.5
Tb3+ 3.28 + 0.08 -18.72 ±0.45 -6.76 ±0.21 40.1
Yb3+ 3.51 ±0.08 -20.03 ± 0.46 -16.28 ±0.52 1 2 . 6
L2
Sc3+ 3.71 ±0.07 -21.18± 0 . 0 -84.54 ± 0.59 -212.5
Y  3+ 3.24 ±0.07 -18.49 ±0.40 -15.95 ±0.42 8.5
E u3+ 3.39 ± 0.11 -19.35 ±0.62 -29.53 ± 0.74 -34.2
Tb3+ 3.18 ±0.07 -18.15 ±0.41 -20.13 ±0.56 -6 . 6
Yb3+ 3.61 ±0.09 -20.60 ± 0.53 -16.78 ±0.34 1 2 . 8
Cryptand 222
Sc3+ 3.31 ±0.10 -18.89 ±0.56 -57.94 ± 0.64 -131.0
Y +^ 2.77 ± 0.07 -15.81 ±0.40 -2.89 ± 0.37 43.3
E u3+ 3.28 ±0.10 -18.72 ±0.57 -29.57 ± 0.82 -36.4
Tb3+ 3.08 ±0.05 -17.58 ±0.29 -18.08 ±0.67 -1.7
Yb3+ 3.15 ± 0.11 -17.98 ±0.63 -15.49 ±0.69 8.4
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In summary, the Danil de Namor and Jafou [25-26] studies concluded the following,
a) The unsuitability of classical macrocalorimetric titrations for determining the 
thermodynamic parameters of the lanthanide complexes in solution due to the slow rate of 
complexation between these ligands and these cations in these solvents. However, 
microcalorimetry was found to be suitable for studying lanthanide complexation process in 
solution, since this technique is characterised by its high sensitivity and it is designed to 
follow the course o f kinetically slow processes.
b) The results in Table 1.6 show that the presence of bulky groups in the pendant arms of 
calix[4]arene derivatives (such as isopropyl groups in L3) contributes unfavourably to 
complex stability [26]. Hence, despite the observed similarity in the stability constant 
values for the complexation of L I and L3 with lanthanide cations in acetonitrile at 298.15 
K, higher enthalpic stabilities were found for the former relative to the latter complexation 
processes. This drawback in the enthalpic stability can be explained in relation to the 
higher energy cost required for the ‘pre-organisation’ of L3 with respect to L I prior to 
complexation.
c) The stability constants for ligand-Ln3+ complexes in acetonitrile at 298.15 K is ligand 
dependent. Thus the strength of complexation follows the sequence [26],
L I = L3 > L5 > L 6  > L4
d) As far as the data in N, JV-dimethylformamide are concerned (Table 1.7), weaker or 
absence of interaction was concluded between these ligands and Ln3+ cations relative to 
that in acetonitrile [26]. This was attributed to the solvating properties o f the former 
relative to the latter solvent.
c) The interaction of the various ligands with lanthanide cations in N, N- 
dimethylformamide at 298.15 K was seen to have similar stability and hence can be 
assumed to be ligand independent [26].
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It is important to note that the derivation of accurate thermodynamic data is strongly 
dependent on (i) the methodology employed (ii) the correct characterization o f the process 
taking place particularly in low permittivity media when ion-pair formation is substantial 
[147]. A variety of methods can be used to investigate the stability constant o f metal-ion 
complexes. These include spectrophotometry, nuclear magnetic resonance, 
potentiometery, conductimetry and calorimetry.
From this brief introduction it can be said that studies on the thermodynamics of 
complexation and insight about the role of the reaction media on the complexation process 
o f these lanthanide cations and calixarene derivatives have not been fully exploited [25, 
148]. Therefore the general aim of this work is to provide an insight into the structural and 
thermodynamic factors that control the complexation chemistry of lanthanide cations with 
macrocycles in solution as described in the following Section.
1.6. Aims of the thesis.
Investigating the complexation chemistry of lanthanide cations enables an 
understanding of the factors that influence their interaction with ligands such as the media 
o f interaction [25, 148-149]. Thus the investigation carried out in this thesis focused on 
studying the interactions between lanthanide cations and different lower rim p-tert- 
butylcalix[4]arene (Fig. 1.23) derivatives in two non-aqueous solvents.
In addition, previous work aiming to investigate the interactions between cryptand 222 and 
a few lanthanide cations was based on the misleading results of Seminara and Rizzarelli 
[23]. These authors reported that lanthanide salts at a concentration o f 0.05 mol.dnf in 
acetonitrile were fully dissociated. Since it was demonstrated that this is not the case [25- 
27], previous work on cryptand 222 and lanthanide cations in this solvent was 
reinvestigated and expanded so as to embrace other cations.
In summary, the general aims of this thesis are i) to investigate the interactions between 
lanthanide cations and seven lower rim functionalised calix[4]arene derivatives as well as 
cryptand 222 (Fig. 1.23) in acetonitrile at 298.15 K. ii) to assess the medium effect on the 
complexation process.
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- J 4 —14
c = o
{Tetrakis[4(ethyl) morpholine] oxyl} 
p-tert-butyl calix[4]arene (LI)
{ T etrakis [ 1 -(ethy l)p iperidine ] oxy 1} 
p-tert-butyl calix[4] arene (L2)
(Tetrakis[l-(ethyl) methyl ketone] 
oxyl) p-tert-butyl calix[4] arene (L3)
OH
o = c
C2h T c 2h 5
c = o
{Di-[A(iV-dimetliyl carbamyl]ethoxyl 
di-hydroxyl}p-/er/-butyl-calix[4]arene(L4)
{ T etrakis [tetraacetamide] oxy 1} 
/>fert-butylcalix[4]arene (L5)
NHIc = oIo
C2H52
OH
{Di-[acetylurethane]ethoxy dihydroxy 
}/?-terf-butylcalix[4]arene (L6)
OH
NH
> (
O' O/
C2H5 C2H5
(Di-[ethyl-phosphate amino] ethoxyl 
di-hydroxyl}p-ter/-butylcalix[4]arene (L7)
Cryptand 222
Fig. 1.23: The lower rim calix[4]arene derivatives and the cryptand -2 2 2  under investigation.
Chapter 1 39
The specific objectives of this work are described as follows,
1- To use ^ -N M R  spectroscopy to establish the absence/presence of complexation 
and the sites of interaction between different lower rim fimctionalised 
calix[4]arene derivatives and cryptand-222 and the trivalent cations in acetonitrile, 
CH3CN, and TV, iV-dimethylformamide, DMF, at 298.15 K.
2- To determine the composition of the trivalent cation-complexes in these solvents 
via conductance measurements.
3- To reveal the solid state structure for some of the investigated ligands via X-ray 
crystallographic studies that.
4- To determine the strength of complexation between lanthanide cations and several 
lower rim fimctionalised calix[4]arene derivatives in the appropriate solvent at
298.15 K using potentiometric, UV spectrophotometric and microcalorimetric 
titrations. Whenever possible more than one experimental technique will be used to 
determine the stability constants of the metal-ion complexes.
5- To investigate the interaction between cryptand-222 with lanthanide cations in 
acetonitrile at 298.15 K and to compare these data with those available in the 
literature [25, 71].
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2. Experimental Part.
2.1. List of chemicals, their abbreviations and purification procedures.
a) Chemicals used in the synthesis of lower rim calix[4]arene derivatives.
• Acetonitrile, CH3CN, HPLC grade, Fisher Chemical Company.
• /?-fert-butylcalix[4]arene, 99%, Aldrich Chemical Company.
• iV-chloro-acetylurethane, CICH2 CONHCOOC2H5 , 98%, Fisher Chemical Company.
• Chloro-A, A-diethylacetamide, C lC FLCO N ^H s^, 98%, Fisher Chemical Company.
• Chloroform, CHCI3 , HPLC grade, Fisher Chemical Company.
• 18-Crown-6, 18-C-6, > 99%, Fisher Chemical Company.
• Dicholoromethane, CH2CI2 , Fisher Chemical Company.
• Diethyl ether, (^H s^O , HPLC grade, Fisher Chemical Company.
• Dimethyl carbamyl chloride, (CH3)2NC0 C1, 98%, Aldrich Chemical Company.
• A^A-dimethylformamide, DMF, HPLC grade, Fisher Chemical Company.
• Ethanol, EtOH, HPLC grade, Fisher Chemical Company.
• Magnesium sulphate, MgSCL, 98%, Fisher Chemical Company.
• Methanol, CH3OH, HPLC grade, Fisher Chemical Company.
• Potassium carbonate, K2CO3 , 97%, Fisher Chemical Company.
• Potassium iodide, KI, 98%, Fisher Chemical Company.
• Sodium bicarbonate, NaHCC>3 , Fisher Chemical Company.
• Sodium hydride, NaH, Aldrich Chemical Company.
• Tetrahydrofuran, THF, HPLC grade, Fisher Chemical Company.
• Toluene, C6H5CH3 , HPLC grade, Fisher Chemical Company.
b) Lanthanide (Ln3+) salts used.
• Scandium trifluoromethane sulfonate (triflate), Sc(CF3 SC>3)3 , 99%, Aldrich 
Chemical Company.
• Yttrium trifluoromethane sulfonate (triflate), Y(CF3 S0 3 )3 , 99% Aldrich Chemical 
Company.
• Lanthanum trifluoromethane sulfonate (triflate), La(CF3 SC>3)3 , 99% Aldrich 
Chemical Company.
• Praseodymium trifluoromethane sulfonate (triflate), Pr(CF3 S0 3 )3 , 99% Aldrich 
Chemical Company.
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• Neodymium trifluoromethane sulfonate (triflate), Nd(CF3 SC>3)3 , 99% Aldrich 
Chemical Company.
• Europium trifluoromethane sulfonate (triflate), Eu(CF3 SC>3)3 , 99% Aldrich
Chemical Company.
• Gadolinium trifluoromethane sulfonate (triflate), Gd(CF3 8 0 3 )3, 99% Aldrich 
Chemical Company.
• Terbium trifluoromethane sulfonate (triflate), Tb(CF3 S0 3 )3 , 99% Aldrich
Chemical Company.
• Erbium trifluoromethane sulfonate (triflate), Er(CF3 SC>3)3 , 99% Aldrich Chemical 
Company.
• Holmium trifluoromethane sulfonate (triflate), Ho(CF3 S0 3 )3 , 99% Aldrich
Chemical Company.
• Ytterbium trifluoromethane sulfonate (triflate), Yb(CF3 SC>3)3 , 99% Aldrich
Chemical Company.
c) Drying agents.
• Triethyl orthoformate, C7H 16O3, 98%, Lancaster Synthesis.
• Phosphorus pentoxide, P4 O 10, 99%, Fisher Chemical Company.
• Calcium chloride, CaCh, 98%, Fisher Chemical Company.
• Calcium hydride, CaFL, 99%, Fisher Chemical Company.
d) Chemicals used in ^ -N M R  measurements.
• Cryptand 222 (Kryptofix), 222, Merck Chemical Company.
• Silver perchlorate, AgC1 0 4 , 99.9 %, Aldrich Chemical Company.
•  Deuterated chloroform, CDCI3, Aldrich Chemical Company.
• Deuterated acetonitrile, CD3CN, Aldrich Chemical Company.
• Deuterated N,jV-dimethylformamide, C3D7NO, Aldrich Chemical Company.
• Tetramethylsilane, TMS, Aldrich Chemical Company.
e) Chemicals used in conductimetric measurements.
• Potassium chloride, KC1, 99 %, Fisher Chemical Company.
f) Chemicals used in potentiometric measurements.
• Tetra-ft-butylammonium perchlorate, TBAP, electrochemical grade, 99%, Fluka 
Chemical Company.
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g) Chemicals used in the microcalorimetric measurements.
• Barium chloride, BaCh, 99.99 %, Aldrich Chemical Company.
• Potassium perchlorate, KCIO4 , 99 %, Aldrich Chemical Company.
h) Purification of solvents [150].
• Acetonitrile was refluxed under a nitrogen atmosphere and distilled from CaFL. 
Only the middle fraction of the solvent was collected. Its water content determined 
by the Karl Fisher titration method was not more than 0.02%.
• A.A-dimethylformamide was dried over MgS0 4  for twenty four hours. Then it
was subsequently distilled under reduced pressure. Only the middle fraction of the 
solvent was collected. Its water content determined by the same procedure as 
described for acetonitrile was not more than 0 .0 2 %.
• Tetrahydrofuran was stored over a sodium wire for 24 hours. Then it was distilled 
under nitrogen over benzophenone and a sodium wire.
i) Purification of the reagents.
For conductance measurements, KC1 was recrystallised from deionised water and kept 
in a piston dryer at 393 K for three days before use [15].
For 'H-NMR measurements, CD3 CN and C3D7NO were dried over MgSCL for one 
day before use.
For potentiometric measurements, TBAP was used without further purification and 
stored in vacuum under CaCp.
Calix[4]arene derivatives were prepared, dried in a piston drier and kept in vacuum 
over P4 O 10 to limit their exposure to air as much as possible
Silver perchlorate salts as well as cryptand 222 were used without further purification 
and stored under vacuum over P4 O10 for several days before use.
Lanthanide (Ln3+) salts were dried by chemical reaction according to the procedure 
described in the following Section. These were kept under vacuum over P4 O 1 0 .
j) Chemical reaction used for water removal of lanthanide (Ln3+) salts.
"> 1
Infrared spectra performed for each of the Ln salts are included in Appendix 1. 
These spectra showed the characteristic peak of water for each salt, which serve to test the 
efficiency of the drying process. The salts were dried chemically using the procedure 
reported in the literature [4] which is described as follows,
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Triethylorthoformate, CH(OCHs)3 , was added in excess to a solution of the lanthanide 
salt in dry diethyl ether and the mixture was stirred for five minutes. A white voluminous 
precipitate (the anhydrous salt) appeared. The reaction taking place is shown in eqn. 2.1
Ln(CF3S03)3 .H20  + CH(OC2H5) 3  ► Ln(CF3S03) 3 + 2 C2H5OH + HCOOC2H5 (eqn. 2.1)
The excess solvent was decanted and a further volume of diethyl ether was added. This 
procedure was repeated at least ten times in order to ensure the removal o f water. The 
precipitate was filtered and dried overnight in high vacuum. Infrared spectra were 
performed for each salt and compared with corresponding spectra prior to drying the salts 
chemically (Appendix 1). These IR spectra show the characteristic peaks for each of the 
salts with the absence of the inherent water peak.
h) Equipment used in the characterisation of compounds.
Melting points of ligands were determined by a Kofler hot stage micromelting point 
apparatus.
Elemental analysis was performed at the Chemistry Department, University of Surrey on 
a Leeman Laboratory 444 Elemental Analyser.
Infra-red measurements were performed on a Perkin-Elmer System 2000 Fourier 
Transform Infra-red instrument using KBr discs.
2.2 Synthesis of the lower rim fimctionalised calix[4]arene derivatives.
2.2.1. Synthesis of (tetrakis[4-(ethyl) morphoIine]oxyl}-/7-tert-butylcaIix[4]arene, 
(LI) and {tetrakis [l-(ethyl)piperidine ]oxyl/-/?-tert-butyIcaIix[4]arene, (L2) [105].
LI and L2 (Fig.2.1) were prepared according to the reported procedure [105]. The 
reaction yield for LI was 73 %, Characteristics of this ligand are as follows m. p.: 211- 
212 °C. (C68HiooN4 0 8 requires C, 74.14; H, 9.15; N, 5.08 %. Found: C, 74.17; H, 9.33; N, 
5.08 %). *H-NMR (CDCls at 298 K) (Section3.2.1.1): 5ppm, 6.77 (s, 2H); 4.42 (d, J  = 12.5 
Hz, 1H), 4.06 (t, J =  6.9 Hz, 2H), 3.70 (t, 4H2), 3.12 (d, J =  12.5 Hz, 1H), 2.95 (t, 7.1
Hz, 2H), 2.52 (s, 4H), 1.07 (s, 9H).
The reaction yield for L2 was 73%, m. p.: 166-168 °C. (C72H 108N 4O4  requires C,
79.07, H, 9.95, N, 5.12 %. Found: C, 79.13, H, 10.09, N, 5.17 %). JH-NMR (CDCI3 at 
298 K) (Section 3.2.2.1): 5ppm, 6.75 (s, 2H), 4.40 (d, J  = 12.5 Hz, 1H), 4.05 (t, J  = 7.5 Hz, 
2H), 3.09 (d, J  = 12.5 Hz, 1H), 2.95 (t, J  = 7.6 Hz, 2H), 2.49 (s, 4H), 1.59 (q, 4H), 1.45 
(s, 4H).
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/  /  
o J  L1 o J  L2
Fig. 2.1: Schematic representation of LI and L2.
2.2.2. Synthesis of {tetrakis [l-(ethyl) methyl ketonejoxyl} /j-ferf-butylcalix[4]arene, 
(L3)[105].
The procedure reported by Sueros Velarde [4] was used to obtain L3 (Fig. 2.2) in
2.2.3. Synthesis of di-substituted {[TV, TV-dimethyl carbamyl] oxy di-hydroxyl} p-tert- 
butylcalix[4]arene, (L4).
In a three-necked round bottom flask, 18-C-6 (O.lg, 0.4 mol) was added to 
CH3CN (100 ml). This was followed by the addition o f KI (3.0 g, 18.1 mol) and dimethyl 
carbamyl chloride, C2H6NCOCI (1.5 ml, 20.2 mol). The mixture was heated at 60°C for 
thirty minutes to accomplish the reaction illustrated in eqn.2 .2 .
C2H6 NC0C1 + KI ---------------------------^  C2H6NCOI + KCl (eqn.2.2)
The solution was cooled down and />-/er/-butylcalix[4]arene (2.0 g, 3.1 mol) and 18-C-6 
(0.1 g, 0.4 mol) were added. The mixture was stirred for ten minutes and then K2 CC>3 (3.4 
g, 24.6 mol) was added. This was heated at 60 C. The reaction course was monitored by 
TLC using a mixture of hexane:ethylacetate (8:2) as the developing solvent system. 
Eqn.2.3 illustrates the scheme of the reaction, which was completed in twenty hours.
82 % yield, m. p.: 204-207 °C. (C56H7208 requires: C, 77.08; H, 8.25 %. Found: C, 77.25; 
H, 8.30 %). ‘H-NMR (CDCI3 at 298 K) (Section 3.2.3.1) 8 pplI,: 1.06 (s, 9H), 2.20 (s, 2H), 
3.17 (d, J=  12.5 Hz, 1H), 4.79 (d, 7 =  13 Hz, 1H), 4.87 (s, 3H), 6.79 (s, 4H).
Ic=oI
c h 3
Fig. 2.2: Schematic representation of L3.
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OH
p-tert- butyl 
calix[4]arene
+ C2H6NCOI I 8 -C- 6  + K 2 C O 3  ^
OH
dimethyl 
carbamyl chloride
(eqn. 2.3)
C2H5 C2H5
di-substituted{[A^A^-dimethyl carbamyl} 
oxy di-hydroxy }p-fer/-butylcalix[4] arene
The solvent was extracted and the crude white solid was dissolved in dichloromethane 
and then filtered. The filtrate was separated from water and the organic phase was dried 
over MgSC>4 . The filtrate was evaporated to leave a white solid, which was recrystallised 
from toluene to afford L4 (75 % yield).
Characteristics o f L4 are as follows, m. p.: 486-489° C. (C5 2 H86 C>6 N2  requires: C, 75.91; 
H, 8.41; N, 3.54 %..Found: C, 75.83; H, 8.59; N, 3.50 %). ^ -N M R  (CDC13 at 298 K) 
(Section 3.2.4.1) 5ppm: 1.04 (s, 9H), 1.33 (s, 9H), 3.08 (s, 3H), 3.20 (d, J =  12.5 Hz, 1H), 
3.89 (d, J =  12.5 Hz, 1H), 5.1 l(s, 1H), 6.78 (s, 2H), 7.09 (s, 2H).
2.2.4. Synthesis of {tetrakis [tetraacetamide] oxyl} / 7-ferM)utylcalix[4 ]arene (L5) 
[109].
In a three-necked round bottom flask equipped with a stirrer, 18-C-6 (0.5 g, 1.9 
mol), K2 C0 3  (5.0 g, 30 mol) andp-/er/-butylcalix[4]arene (2.0 g, 3.1 mol) were left to stir 
for thirty minutes in dry C H 3 C N  (120 ml). Then 2-chloro-AfiV-diethylacetamide (3.4 ml, 
14 mol) was added dropwise to the mixture and the temperature of the reaction was raised 
to 60 °C. The reaction course was monitored by TLC using dichloromethane methanol 
(9:1) mixture as the developing solvent system. The reaction taking place is shown in eqn.
2.4.
+ ci- k 2c o 3
N
L .
+ 18-C-6
OH
(eqn. 2.4)
p-tert- butyl cal ix [4] arene
2-chloro-vV, N  
dimethylacetamide
{tetrakis [tetraacetamide] oxyl} 
p-tert- butyl cal ix [4] arene
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Upon completion of the reaction (ten hours), the solvent was removed and the solid 
residue dissolved in CH2 CI2 . This was extracted from a saturated aqueous solution of 
NaHCCh and then from water. The organic phase was dried with MgSC>4 and filtered. The 
solvent was extracted and the remaining crude solid was recrystallised from MeOH. The 
compound appeared as white crystals (63% yield), m. p.: 220-221° C. (C68H 100N4O8 
requires: C, 74.14; H, 9.15; N, 5.09 %. Found: C, 74.27; H, 9.30; N, 5.00 %). *H-NMR 
(CDCI3 at 298 K) (Section 3.2.5.1) 5ppm: 1.07 (s, 9H); 1.13 (q, 3H); 3.18 (d, J =  12.5 Hz, 
1H); 3.33 (t, J  = 7.5 Hz, 2H); 5.03 (s, 2H); 5.29 (d, J=  13 Hz, 1H); 6.78 (s, 2H).
2.2.5. Synthesis of {di-substituted[acetylurethane]oxyl}/?-fe/*/-butyIcalix[4]arene (L6).
In a three-necked round bottom flask, iV-chloroacetylurethane (4.5 g, 27 mol) and 
KI (4.5 g, 30.6) and 18-C-6 (0.5 g, 1.9 mol) were dissolved in CH2CI2 . The mixture was 
stirred for thirty minutes at 40° C. It was then cooled down to room temperature. Then p-  
ter/-butylcalix[4]arene (2 .0 g, 3.1 mol) and K2 CO3 (5.0 g, 30 mol) were added. The 
reaction was continued for twenty four hours at 80° C and monitored by TLC using a 
mixture of dichloromethane:methanol (9:1) as the developing solvent system. Upon 
completion of the reaction (fourteen hours) the organic phase was extracted from a 
saturated aqueous solution of NaHCCh and then from water. The organic phase was dried 
with MgSCU and the solvent was then removed. The crude residue was recrystallised from 
MeOH and gave small needle crystals in 70 % yield. The reaction scheme is shown in 
eqn.2.5.
o 0
+ ^  j i
NH O OHCH2Ic=oI
(eqn. 2.5)
NH
C = 0
if
C2H52
p-tert- 
buty leal ix [4] arene
vV-chloroacetylurethane {di-substituted[acetylurethane]
oxyl}p-fert-butylcalix[4]arene
Characteristics of this ligand are as follows, m. p.: 259-260° C. (C54H70N2 O 10 requires: C, 
71.50; H, 7.78; N, 3.09 %. Found: C, 71.42; H, 7.92; N, 3.00 %). *H-NMR (CDC13 at 298 
K) (Section 3.2.6.1) 5ppm: 1.00 (s, 9H); 1.27 (s, 9H); 1.34 (q, 3H); 3.40 (d, J =  12.5 Hz, 
1H), 4.04 (d, J =  12.5 Hz, 1H); 4.27 (q, 2H); 4.60 (s, 2H); 6.99 (s, 4H); 7.10 (s, 4H); 7.94 
(s, 1H).
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2.2.6. Synthesis of {di-substituted {[di-ethyl-phosphate amino] ethoxy- di-hydroxy} 
/?-fert-butylca!ix[4]arene, (L7) [105].
The preparation of L7 (Fig. 2.3) was accomplished as reported [105] in 62% yield. 
Characteristic of L7 are as follows, m. p.: 179-180° C. (C5 6H84O 10N2 P2 requires: C, 
66.67; H, 8.34; O, 15.88 %. Found: C, 67.03; H, 8.40; O, 15.93 %). JH-NMR (CDC13 at 
298 K) (Section 3.2.7.1) 5ppm: 1.14 (s, 9H), 1.22 (s, 9H), 1.32 (s, 3H), 3.35 (d, J =  13 Hz, 
1H), 3.63 (t, 2H), 4.15 (t, 2H), 4.31 (d, J =  13 Hz, 1H), 5.27 (s, 1H), 7.02 (s, 1H), 7.28 (s, 
1H), 8.63 (s,lH).
OH
/ T 
C2H5 c 2h 5
Fig. 2.3: Schematic representation of L7.
2.3. Techniques used.
The techniques used in this work are the following,
1- Proton NMR ('H-NMR) spectroscopy. 2- Conductimetry.
3- Potentiometry. 4- UV-spectrophotometry.
5- Microcalorimetry.
Each of these techniques will be described briefly in the following sections.
An important precaution to be taken when working with Ln3+ salt solutions is to 
ensure that the trivalent ionic species predominates in solution in the range of Ln salt
concentrations used [25-27]. Danil de Namor and Jafou [25] established, through
conductance measurements, the concentration range at which lanthanide (III) cations are 
the predominant species in solution (concentrations lower than 10' 5 mol.dm"3). Therefore 
low concentration of Ln3+ salts (~ 10' 5 mol.dm'3) in C H 3 C N  and DMF were used in this 
w ork .
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2.3.1. 'H-NMR studies.
2.3.1.1. Introduction.
The !H-NMR spectroscopy technique was used to provide information regarding 
the conformation that the ligands and their complexes adopt in solution [152]. In addition, 
this technique was also used to investigate the existence of interactions between the 
ligands and the metal cations of interest and to identity the active sites of interaction of 
the appropriate ligand with the cation in a given solvent [153].
2.3.1.2. ^ -N M R  general operating conditions.
All ^ -N M R  measurements were carried out at 298 K using a Bruker AC-300 E 
pulsed Fourier transform NMR spectrometer. Typical operating conditions for proton 
measurements involved “pulse” or flip angle of 30°, spectral frequency o f 300.135 MHz, 
delay time of 1.60 s, acquisition time of 1.819 s and line-broadening of 0.55 Hz. Samples 
of the appropriate ligand or metal-ion complex (0.5 ml) were placed in 5 ml NMR tubes. 
TMS was used as internal reference.
2.3.1.3. *H-NMR titration experiments.
!H-NMR titration experiments were performed by adding stepwise aliquots o f the 
metal cation salt solution to the appropriate ligand solution contained in the NMR tube. 
Chemical shifts of the studied ligand were recorded by performing an !H-NMR spectrum 
after each addition. These measurements were carried out until no more significant 
changes were observed. In order to assess the medium effect on the complexation process, 
!H-NMR measurements were carried out in CD3CN and C3D7NO (d7 -DMF) at 298 K. All 
of the !H-NMR spectra are included in Appendices (from 2.2 to 2.34).
Lanthanide (triflates) salts were used in concentrations ranging from 8.0 x l0 4 to 4.7 xlO ' 3 
mol.dm ' 3 whereas the concentration of macrocyclic ligands ranged from 2.0 x 1 O' 4  to 9.2 x 
10"4  mol.dm'3. To avoid dilution and ion pair formation, calculations were made so that 
only a maximum of 0.2 ml of Ln salts solution were added to the ligand solution (0.5 
ml) to reach 2:1 [M] / [L] ratio.
2.3.2. Conductimetric studies.
2.3.2.I. Introduction.
Conductance measurement is a valuable method that provides both qualitative and 
quantitative information regarding the complexation phenomenon between neutral
Chapter 2 49
macrocycles and metal cations in solution [149, 152]. It provides information regarding 
the complex stoichiometry between a neutral macrocycle and a metal cation and gives an 
indication about the strength of the complexes formed [149]. This method can also 
provide quantitative data regarding the stability constant values for the investigated 
complexes in solution [149]. However, at this stage only qualitative data will be drawn 
from the conductance measurements since the equipment available in the laboratory is not 
sensitive enough to allow determination of complex stabilities via this method.
2.3.2.2. Apparatus.
The equipment used consists of two components, the Wayne-Kerr Autobalance 
Universal Bridge (type B642) and the conductivity cell. The first component is basically 
an autobalance ratio arms bridge that measures capacitance and conductance. These are 
displayed in four decades on two meters. The sensitivity of these meters can be adjusted 
manually to 3 levels. On the other hand, the conductivity cell consists of a 50 ml 
cylindrical glass vessel maintained at 298.15 K by a thermostated bath, and a compact 
glass-bodied Russell electrode unit containing two platinum plates. The conductivity of 
the solution is measured by making the cell as one of the resistance bridge arms (as 
shown in Fig. 2.4) and subsequently obtaining the balance point.
Alternating curren t
AC detector
Conductivity cell
-Platinum e le c tr o d e s
Fig. 2.4: Schematic diagram of the conductivity cell in a Wheatstone bridge circuit [152].
During the conductance measurements, the reciprocals o f the resistance, S, (Q '1) were 
displayed on the meter. The cell constant, 6 (cm'1), and the conductivity, kappa ( k )  ( Q ' 1
1 9 1c m '), are given by eqn. 2.6 and therefore the molar conductance, Am (S cm m o l'), was 
calculated from eqn. 2.7.
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k  = S x Q (eqn. 2.6)
S x  0 x 1000
= (eqn. 2.7)
c
In eqn. 2.7, c is the concentration of the electrolyte in the molar scale (mol.dm'3) in the 
conductivity cell.
2.3.2.3. Determination of the cell constant.
The values of the cell constant were determined via a standard method established 
by Jones and Bradshaw [154]. Hence KC1 was recrystallised from deionised water, dried 
for three days at 120 °C and an aqueous solution (0.1 mol dm'3) was prepared. The 
procedure for the determination of the cell constant, 0 , of the conductivity cell was 
performed by stepwise additions of an aqueous solution of the KC1 (0.1 mol d m ') to 
deionised water (25 ml). The cell was kept in a thermostatted bath at 298.15 K throughout 
the experiment. Weighed amounts of KC1 were added to the solution and conductivity 
readings were taken after allowing sufficient time for the system to be mixed and reach 
equilibrium. The measured deionised water conductance was subtracted from each 
conductance reading. At 298.15 K, the corresponding molar conductance, Am (S. cm 
2 .mol'1), was calculated for each addition by the Lind, Zwolenik and Fuoss [155] eqn. 2.8,
Am = 149.93 - 94.65 c 1/2 + 58.4 c logc + 198.4 c (eqn. 2.8)
In eqn. 2.8, c is the molar concentration of the KC1 used (in mol dm'3). Therefore, the 
corresponding conductivity, k , values was calculated by rearranging eqn. 2.7 into eqn. 2.9 
using the Am value of KC1 at 298.15 K,
k  = c/1000 Am (eqn. 2.9)
Finally, using eqn .2.6 the cell constant, 0 (cm'1), was calculated.
2.3.2.4. Conductimetric titrations of lanthanide(III) cations with macrocyclic 
ligands in two dipolar aprotic solvents at 298.15 K.
In conductance studies, the metal cation solution in the appropriate solvent was 
placed in the reaction vessel and titrated with the ligand prepared in the same solvent. 
Stable conductivity readings were taken after each addition and molar conductances were
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calculated. A plot of molar conductance, Am, against the metal cation:ligand molar ratio 
resulted in a set of curves with different shapes that can be classified to indicate the 
strength of the formed complex [149]:
1- A straight line without any noticeable change in the slope at any given mole ratio 
indicating very weak or no complexation.
2- A well-defined change in the curvature at the stoichiometry o f the reaction 
indicating a moderate complexation behaviour.
3- Two straight lines intersecting at the stoichiometry of the reaction indicating 
strong complex formation.
The complex strength is therefore indicated qualitatively by the sharpness o f the break in 
the conductimetric titration curve. As far as the less stable complexes are concerned, these 
exhibit a vague intersect point. Therefore, their complex stoichiometry can be uncovered 
by extrapolation. This is performed by drawing lines parallel to the curve slopes at high 
and low ligand and metal cation concentration ratios and the intercept points o f these lines 
would provide the composition of the complex. In general, the complexation between ‘n ’ 
number of ligands, L, and ‘m ’ number of metal cations, Mn+, could be represented by eqn. 
2.10
m M n+(s) + nL(s)  > M nm+Ln(s) (eqn. 2.10)
2.3.2.5. Experimental techniques.
Conductimetric titrations were performed to study the interaction o f the ligands 
with the following trivalent (Ln3+) cations: La3+, Pr3+, Nd3+, Eu3+, Gd3+, Tb3+, Er3+, Ho3+, 
Yb3+, Sc3+ and Y3+ using triflate, CF3 SO3’, as the counter-ion. The Ln3+ cations used were 
chosen randomly to represent the whole lanthanide series. Thus nine out of the twelve 
lanthanides were investigated. In every conductimetric experiment, solutions o f the metal- 
cation salt and the ligand were prepared in the appropriate solvent. The cell was 
subsequently filled with the lanthanide salt solution (25 cm3) sealed and then left for an 
hour in a thermostatted bath at 298.15 K to reach thermal equilibrium before the titration 
was started.
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A dry, inert and closed reaction system in the titration studies was achieved by 
maintaining a steady nitrogen flow to the reaction vessel that was only stopped prior to 
recording the readings and an automated injector connected to the closed reaction vessel 
through a silicon tube was used. This prevented the air from entering the reaction vessel 
when additions were made. Data for the conductimetric titration experiments are 
tabulated in Appendix 3. Each of these tables contain data of [M3+]/[L] concentration 
ratios and molar conductances Am values for each titration step in the conductimetric 
titrations. Their corresponding conductimetric titration curves are shown in the discussion 
section (Section 3.4).
1 i r r
Generally, the solution concentration of the Ln salts ranged from 6 . 0  x 1 0  to 6 . 8  x 1 0
'i
mol.dm' in CH3CN and DMF, since it was established that at these concentrations the
*7 j
Ln ionic species are the predominant species in solution [25-27]. The concentrations of 
the ligands ranged from 4.0 to 9.3 x 10' 4 mol.dm ' 3 in C H 3 C N  except for L2 which was 
around 9.0 x 10' 5 mol.dm'3. In DMF, the concentration range used for the ligands was 2.3 
to 8.0 x lO 4  mol.dm'3.
2.3.3. Preparation of crystals for X-Ray crystallographic studies.
The X-ray crystallographic structure was solved at the Institute de Fisica de Sao 
Carlos (Brazil) [197]. The ligands (LI, L2, L4, and L5) were prepared by recrystallising 
them from DMF, whereas L4 was also recrystallised from C H 3 C N .  These crystals were 
obtained as a result of slow evaporation of concentrated solutions of the appropriate 
ligands in the appropriate solvent. Attempts for preparing complexes between the ligands 
and various lanthanide cations in C H 3 C N  were carried out by adding the appropriate 
lanthanide(III) salt solution (8.0 x 10'4to 4.7 x 10' 3 mol.dm'3) to the ligand solution (1 x 
10' 3 mol.dm'3) while applying stirring at room temperature. These solutions were then left 
for a period of time. No crystal formation was observed in most cases. Despite the fact 
that these attempts were performed with all of the studied systems, appropriate crystals 
for X-ray crystallographic analysis were only obtained for L I and L2. All o f the 
crystallographic data are included in Appendices (Appendices 4 to 6 ).
2.3.4. Potentiometric studies.
2.3.4. l.Introduction
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In potentiometric studies, the relationship between the activity o f the analyte and 
the observed potential reading is given by the Nemst equation (eqn. 2.11) [149, 156]. 
Since a wide range of concentrations can be used in potentiometry it allows accurate 
determination of the stability constant for the formed complexes in dilute solutions, 
though it depends on the electrode used [156]. Moreover, unlike other methods, 
potentiometry can be used to measure stability constant of strong complexes, hence the 
results of these experiments will reveal whether the stability constant values for the 
systems under investigation are within the range required for its determination by either 
the direct or the competitive microcalorimetry methods, since the former is suitable to 
study systems within 3 to 6  log Ks values while the latter covers higher log Ks values 
[156].
2.3.4.2. Competitive potentiometric titration method.
Competitive potentiometric studies were carried out in this work using a reversible 
silver/silver-ion selective electrode (indicator electrode), the potential o f which was 
measured with respect to a reference silver/silver-ion (E Ag+/Ag) electrode. The potential 
(of indicator electrode) was determined by the following Nemst equation [156],
RT
EAg+/Ag — E Ag+/Ag + ~  L tic l + (eqn. 2.11)
nF g
In eqn. 2.11, E°, R, T, and n denote the standard cell potential, the gas constant, the 
absolute temperature in Kelvin, the number of electrons involved in the reaction, 
respectively. F is the Faraday constant (96,487 mol'1). This method is based on a 
competitive reaction between the trivalent cation, Ln3+, and a competing auxiliary cation 
(in this case Ag+).
There are three steps involved in this experiment, which are described as follows
1- Calibration of the electrode: This is evaluated from the linearity observed between 
the potential and the activity of the concentration in solution according to the Nemst 
equation (eqn. 2.11). This evaluation was accomplished through the addition of silver salt 
solution to a solution of tetra-w-butylammonium perchlorate, TBAP, in CH3CN contained 
in the reaction cell. At least twelve additions were performed and the potential readings 
(mV) were plotted against -log [Ag+].
2- Complexation of the silver cation (Ag+) with the ligand (L) under investigation 
in the appropriate solvent as represented in eqn. 2.12. This was achieved by titrating an
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excess of the ligand (15 additions) to the Ag+solution in the reaction vessel. The addition 
of an excess amount of the ligand is essential to ensure that most of the Ag+ species have 
converted to the Ag+L complex species. Hence, this step accomplished the formation of 
the Ag+L complex whose stability constant was established. This step leads to a decrease 
in the potential, E, o f the cell due to a decrease in the activity of the free silver cation 
(Ag+).
L (C H 3 CN) + Ag+(CH3CN) ---------------------------► Ag+L (CH3CN) (eqn. 2.12)
3- Competitive process between the Ag+ cation and a trivalent cation (Ln3+) for 
the ligand (L) as shown in eqn. 2.13. In this step the investigated lanthanide(III) cation 
(Ln3+) was titrated to the reaction vessel that contained the Ag+L complex. Subsequently, 
this Ln3+ cation would compete with the Ag+ cation to interact with the ligand leading to
*3 i
the formation of the Ln L complex whose stability constant can be calculated. This 
process resulted in an increase in the concentration of the free Ag+ species in the reaction 
vessel and thus causes an increase in the potential readings (mV). Furthermore, an excess 
of the Ln3+ salt was added to the reaction vessel in order to reach a 2:1 [Ln3+]/[L] ratio 
thus ensuring the predomination of the Ln3+L complexes.
Ag+L (CH3 CN) + Ln3+(CH3C N )------------ ► Ln3+L(CH3CN)+Ag+(CH3CN) (eqn. 2.13)
2.3.4.3. General operating conditions.
As illustrated in Fig.2.5, the indicator and reference electrodes, consisted of 
silver rods each immersed in a separate jacket-thermostated glass vessel. A separating salt 
bridge filled with a saturated solution of TBAP (0.05 mol.dm'3) was used. A constant 
ionic strength was maintained by using high concentrations of TBAP solution (0.05 
mol.dm'3) The reference silver electrode was immersed in a solution of AgClC>4 in the 
appropriate solvent, whereas the indicator electrode and the investigated sample (S in Fig. 
2.5) were included in a solution of TBAP. This latter half cell constitutes the reaction 
vessel where the titration was performed and the activity of the free silver ions was 
measured. The titration vessel was equipped with a magnetic stirrer to ensure proper 
mixing of each addition.
In Fig. 2.5, the double vertical line indicates the liquid junction between the solutions in 
both half cells and the TBAP solution in the salt bridge, while the single vertical line 
represents the phase boundary between the silver electrode and the sample solution in the 
indicator half cell. Finally, the electrodes were connected to a digital micro-processor
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pH/mV meter Hanna model (H I8417) to measure the potential changes during the course 
of the titration.
Salt bridge i---------- 14—  Glass stopper
(TBAP solution) — ——
Indicator cell Reference cell
A g + (s) A g + (C H 3C N ) (C H 3C N ) 0 .0 5  M  T B A P A g C 1 0 4,(  C H 3C N ) A g +(s)
C H 3C N , 0 .0 5 M  T B A P C H 3C N , 0 .0 5 M  T B A P
Fig. 2.5: Schematic representation of the potentiometric apparatus and the electrochemical cell.
2.3.4.4. Competitive potentiometric titration experiments to determine the stability 
constant (log Ks) for the Ln3+L complexes in solution at 298.15 K.
In this work, stability constants (log Ks) values for complexes formed between LI, 
L2, L4 and L5 and Ln3+ cations were determined in CH3CN at 298.15 K via the 
competitive potentiometric method using the silver electrode [156]. Constant ionic 
strength was maintained by using TBAP (0.05 mol.dm'3) in all solutions, including the 
filling solution of the salt bridge between the two glass vessels. In a typical experiment, a 
solution of AgClCV in the appropriate solvent was added (12 injections of 0.01 ml) into 
the titration vessel containing TBAP solution (10 ml) in the appropriate solvent. The 
concentration of AgClCh was around 1.0 x 10' 3 mol.dm'3. Consequently, potential 
readings were taken after each addition and the data were used to calculate the standard 
electrode potential of the reference cell. This was followed by stepwise additions (15 
injections of 0 . 0 1  ml) of the studied ligand into the same titration vessel containing the 
AgClCU solution. The ligand concentrations used ranged from 9.0 x 10' 5 to 1.7 x lO' 4  
mol.dm ' 3 in CH3CN. The data were used to calculate the stability constant, log Ks, o f the 
Ag+L complex, in the solvent under investigation using an Excel Microsoft program. 
Finally, 1 2 - 1 5  additions (0.01ml) of Ln3+ salts were made to the same titration vessel.
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The concentration of Ln3+ salt solutions ranged from 1.0 to 4.5 x 10*4  mol.dm'3. In each 
experiment the total volume added to the initial volume of TBAP solution did not exceed 
3.0 ml at the end of the titration experiments. This was done to reduce the dilution effect 
on the measurements. Finally, potential readings (included in Appendix 7) were processed 
by an Excel Microsoft program to determine the stability constant for the complexation 
process of Ln3+L in CH3CN at 298.15 K.
The determination of the log Ks values for Ln3+L7 complexes was not established through 
these experiments, since L7 did not complex with silver cations in this medium, which is 
an essential requirement for this procedure. On the other hand, performing experiments to 
determine the stability constant for Ln3+L3 and Ln3+L 6  complexes using this method 
through the use of the silver electrode was prevented as a result of their weak 
complexation with silver. The determined log Ks values for Ag+L3 and Ag+L 6  complexes 
were found to be 2.66 + 0.02 and 2.84 + 0.03, respectively in CH3CN at 298.15 K. This 
weak complexation is not suitable for the application of this method since it leads to 
inaccurate determination of log Ks values for these complexes. Indeed, competitive 
potentiometric titrations carried out for the Ln3+L3 and Ln3+L 6  complexes, revealed 
insignificant changes in the potential readings upon the addition of Ln3+ salts solution to 
the reaction vessel, hence no information was deducted from these measurements.
2.3.4.5. Calculations.
The calculation of the stability constant of the lanthanide complexes involves three steps, 
which are described as follows,
A- Determination of the standard potential E° of the system.
The standard potential of the cell was calculated using the Nemst equation (eqn. 
2 . 1 1 ) by performing a linear regression (using the least square method) o f the potential of 
the cell, E, against the logarithm of the silver-ion concentration, log [Ag+], for all the data 
points. The Nemst equation can be expressed in terms of log [Ag+] as given in eqn. 2.14.
RT
E = E" + — 2.303 log [Ag+] (eqn. 2.14)
nF
RT
In eqn. 2 .1 4 , x 2.303 is equal to 0.0591 V for univalent cations (n = 1) at 298.15 K.
F
E° is taken as the value of the intercept of this plot.
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B- Determination of the stability constant (log Ks) of the Ag+-calixarene complex.
The reaction taking place when a ligand (L) interacts with the silver (Ag+) cation in 
a given solvent (s) is represented by eqn. 2.15 and the stability constant (Ks) of this 
complexation process in terms of concentrations is given by eqn. 2.16.
Ks
Ag+(s) + L(s)  ► Ag+ L(s) (eqn. 2.15)
= £ 1 (eqn. 2.16)
[Ag '][L]
In eqn. 2.16, [Ag+], [L] and [Ag+L] represent the molar concentrations of the free silver, 
the free ligand and the silver-ligand complex (mol.dm'3), respectively. The total molar 
concentrations of the silver and the ligand, [Ag+]x and [L]t respectively, are given by 
eqns. 2.17 and 2.18.
[Ag+]T = [Ag+] +[Ag+L] (eqn. 2.17)
[L]t = [L] + [Ag+L] (eqn. 2.18)
Rearrangement of eqn. 2.17 leads to:
[Ag+L] =[Ag+]T - [Ag+] (eqn. 2.19)
Since the concentration of the free silver, [Ag+], was obtained from eqn. 2.14 and [Ag+]i 
was known, the concentration of the silver complex; [Ag^L] was determined from eqn. 
2.19. As a result the concentration of the free ligand [L] was obtained from eqn. 2.18. 
Subsequently, through the combination of these values and eqn 2.16, the stability constant 
of the Ag+-L complex was calculated.
C- Determination of log Ks of the lanthanide-calixarene complex.
This process involves the competitive reaction between the silver (Ag+) cation 
and the lanthanide (Ln3+) cation for the ligand as demonstrated in eqn. 2.20,
Ag+L (s) + Ln3+ (s) 1 ^  Ln3+L (s) + Ag+ (s) (eqn. 2.20)
Therefore, Ki for the process described in eqn. 2.20 is given in eqn. 2.21.
.3+ ;[Ln3+L][Ag+] 
[.Ag+L][M3+]K l =  r  ,  >3~  ( eCl n - 2 ' 2 1 )
In eqn..2.21 [Ln3+L] denotes the molar concentration of the Ln3+L complex (mol.dm'3)
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The total concentration of the species in the titration vessel are given by the following 
equations:
[Ag+]T = [Ag+] + [Ag+L] (eqn. 2.22)
[L]x = [L] + [A gl/I + [Ln3+L] (eqn. 2.23)
[Ln3+]T = [Ln3+] + [Ln3+L] (eqn. 2.24)
The concentration of the free silver-ion is calculated from eqn. 2.14. This value is 
subsequently used to determine [Ag+L] from eqn. 2.22. By rearranging eqn. 2.16 into eqn. 
2.25, the concentration of the free ligand species [L] can be calculated.
m -  / 7"--,
[ £ ] “ W ]  ( e q n - 2 - 2 5 )
[Ln +L] was calculated using eqn. 2.23 and [Ln3+] was calculated from eqn. 2.24 which 
finally lead to determining the Ki value from eqn. 2.21. Nonetheless, the stability constant 
(Ks) for the process involving the complexation of a lanthanide cation (Ln3+) and a ligand 
(L) is that shown in eqn. 2.26.
Ln3+ (s) + L (s)  --------- ^  Ln3+L (s) (eqn. 2.26)
Thus the stability constant, Ks, for the process shown in eqn. .2.26 was obtained through 
the combination of eqn. 2.16 and eqn. 2 . 2 1  that leads to the following eqn.,
[Ln3+L\
[Ln3+][L]
„  3+-11- rn (eqn. 2.27)
2.3.5. UV Spectrophotometric studies.
2.3.5.1. Introduction.
UV spectrophotometry is able to detect multiple bonded systems, conjugated 
systems and aromatic nuclei in the compound under investigation [149, 156]. 
Complexation of the ligand was found to alter its UV absorption spectrum. Pederson [48, 
51] was the first one to use UV spectrophotometry for investigating the interaction
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between crown ethers and sodium ions. He determined the stoichiometry o f a sodium 
complex by noting the ligand-to-metal-ion concentration ratio beyond which no further 
variation in the absorption maxima was observed.
In general, the complexation process can be detected by one of the following three 
observations in the UV spectrum:
• The noticeable shift o f the UV wavelength region.
• The absorbance is altered in a wavelength region in the ligand absorbance peaks 
region.
• The complex formed absorbs in a different spectral region to the characteristic 
absorbance regions of the ligand separately.
However it should be noted that the absence of significant changes in the UV spectrum is 
not a concrete evidence for the absence of complexation [149, 156].
2.3.5.2. Theory.
This method is based on the Beer and Lambert law illustrated in eqn. 2.28,
A = c x 8  x L (eqn. 2.28)
In eqn. 28, A, c, e and L denotes the absorption (I0 / It), the solution concentration 
(mol.dm'3), the absorbitivity coefficient (m of1.dm3 .cm'1) and the cell length (cm), 
respectively. From eqn. 2.28 it can be said that A is a function of c if L and 8  remain 
constant in a system. In this work, the same cell was used in all of the UV experiments, 
hence L was kept constant (1cm). Therefore, eqn. 2.28 was modified to eqn. 2.29,
A = e x c (eqn. 2.29)
From eqn. 2.29 it can be said that, by making the length of the optical path constant, the 
absorbance of a certain compound is dependent on the concentration in the solution under 
investigation. Hence, the absorbance spectrum is a suitable property to study the 
complexation processes, via changes in the concentration of its components (i.e. ligand, 
metal cation and cation complex).
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2.3.5.3. UV spectrophotometric titration studies for the complexation of Ln3+ cations 
with L in acetonitrile at 298 K.
UV titration experiments carried out on a CECIL 8000 series spectrophotometer 
were performed in C H 3 C N  at 298 K for determining the stability constant values for the 
complexes formed between Ln3+ and L I, L2, L3 and L4 in this medium. Unfortunately 
the use of this technique is limited to a range of log Ks values between 2 and 5 [156]. 
Therefore, it is inappropriate to use this technique for systems having log Ks values 
greater than 5 [149, 156] such as strong complexes of Ln3+ with L5 and L 6  in C H 3 C N  at 
298 K or those with stability constants lower than 102.
In general, UV titration experiments were performed through a stepwise addition of the
1 1
Ln solutions (0.01 ml) to a solution of the ligand under investigation placed in the UV 
quartz cell (1.5 ml). Both solutions were prepared in C H 3 C N .  This was followed by a 15- 
minute interval where the reaction was left under continuous stirring in order to ensure 
mixing of the solutions, after which a UV spectrum was performed. The concentrations 
used for the Ln3+ salt solutions ranged from 7.1 to 8.2 x 10' 4  mol.dm ' 3 whereas those for 
the ligand solutions ranged from 4.7 to 5.3 x 10' 5 mol.dm'3. The UV data were collected 
and the absorption data measured at three different wavelengths (preferably from the 
ligand characteristic wavelength maxima) were plotted vs. [M]/[L] to reveal the 
stoichiometry of the complex. A typical curve for the systems covered is illustrated in 
Fig. 2.6 in which the observed break is attributed to the formation o f a 1:1 [L]/[M] 
complex stoichiometry. The absorption data of these chosen wavelengths and their 
[L]/[M] (included in Appendix 8 ) were processed by the use of Hyperquad program [10] 
to calculate log Ks values for the studied system.
1.4 
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J  0.6 
<
0.4 
0.2 
0
0.0 0.5 1.0 1.5 2.0
[M]/[L]
Fig. 2.6: UV titration curve for the complexation of Ln3+with L in CH3CN at 298 K at a 
wavelength of 280.6 n.m.
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2.3.6. Microcalorimetric studies.
2.3.6.1. Introduction.
Titration calorimetry was used for measuring the enthalpy (heat) produced or 
absorbed as a result of an interaction process and thus providing information regarding 
the thermodynamic parameters for the process taking place in solution [157-160]. This 
technique has been developed and applied by Christensen and Izatt [157-160] to assess 
the thermodynamic parameters for reactions in solution, where one reactant is titrated into 
another. The successful application of titration calorimetry requires that the complexation 
process under investigation is relatively moderate so that a measurable amount of heat is 
observed in the reaction. Generally speaking, there are two problems associated with 
titration calorimetry often encountered with the Ln3+-ligand complexation chemistry. 
These are related to the relatively low solubility of calixarene derivatives in a given 
solvent that leads to working with dilute solutions that usually produce relatively small 
changes in temperature. The second problem is attributed to the slow complexation 
kinetics associated with the interaction between Ln3+ cations and calixarene derivatives. 
In this work titration microcalorimetry was used. This technique overcomes these 
problems by being able to measure the heat associated with very slow processes and to 
quantify very small amount of heat absorbed or released from a given reaction. In fact, 
this instrument is able to detect temperature differences of less than 1 O' 6  C.
In addition, the use of the direct microcalorimetric technique is most suitable for 
complexation processes having log Ks values between 1 and 6.5. However, to measure log 
Ks values higher than 6.5, competitive microcalorimetric titrations [159, 161] can be used. 
Each of these techniques will be discussed in following sections.
2.3.6.2. Apparatus.
A four-channel heat conduction microcalorimeter (ThermoMetric, 2277 Thermal 
Activity Monitor)[162] designed by Suurkuusk and Wadso [164] was used. This 
multichannel microcalorimeter (shown in Fig. 2.7) contains four channels, each of which 
together with its individual signal amplifier, forms a measuring channel. The four 
channels can be separately operated at the same time provided that measurements are
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carried out at the same temperature. Each of these channels contains a reaction vessel (as 
shown in Fig. 2.8) inserted in a 25 L water sink. Basically, thermal events produced from 
an investigated reaction in a channel is monitored through the heat leakage or the heat 
flow principle, where heat produced in a vessel flows away to establish thermal 
equilibrium with the surrounding. The exceptional sensitivity and precision of the 
Thermal Activity Monitor is due to the thermal stability o f the 25 L water sink that 
surrounds the reaction vessel and serves as an infinite heat sink. Thermistors are used to 
monitor the stability of the water sink temperature and several interactive controlling 
systems work together to maintain the temperature of water at ± 2 x KT4  °C within the 
working temperature of 25 °C. Thus, it can be said that the main functions o f the 
microcalorimetric system is the precise control of the isothermal condition in the water 
sink and the detection of the temperature changes in the system produced from the 
investigated chemical reactions.
o I«♦•'*
m
I
Fig. 2.7: The four channel conduction microcalorimeter [162] a, Electric console; b, inner lid; c, 
outer lid; d, water bath; e, twin calorimeter; f, pump outlet tube; g, polyurethane foam insulation; 
h, centrifugal pump.
Chapter 2 63
•a
— d
c —
A
(a) (b)
Fig. 2.8: Reaction vessel snown in (a;, ana vessel msenea into one oi me channels as shown in 
(b) [162].
As demonstrated in Fig. 2.8, each one of the four calorimetric reaction vessels (Fig. 2.8 
(a)) is developed for application as a titration vessel that can be charged with up to a 
maximum of 3.0 ml of sample. Fig. 2.8 (b) shows the reaction vessel fitted into a 
measuring channel. The calorimeter vessel used is equipped with a turbine stirrer to 
ensure mixing and circulation of the solution inside the vessel. The titration was 
accomplished through a gas-tight motor driven Hamilton syringe. This syringe is 
composed of a thin 1 -meter stainless steel hypodermic needle inserted directly into the 
minor-calorimetric titration vessel and is permanently fixed to a 0.5 ml glass syringe, 
which is motor-driven by a computer aid program. This program is used to deliver a set of 
chosen sample volume at a certain time intervals to the reaction vessel.
In the reaction channel the system is designed so that the main path of the flow of 
heat generated or absorbed by the reaction process is via highly sensitive Peltier elements, 
before the heat escapes to the 25 L water sink. These Peltier elements are bimetal devices 
constructed from semiconductor materials and capable of responding to small fluctuations 
in temperature. These highly sensitive elements act as heat detectors and convert the heat 
energy into a voltage signal proportional to the heat flow. Thus, the calorimeter signal is 
measured through digital voltmeters that are part o f the computerised recording system.
/
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The data obtained from these measurements give a relation between the thermal energy 
produced or absorbed by the reaction process (in voltage) versus units o f time, so the 
voltage- time integral is proportional to the amount of heat transported from or to the 
calorimetric vessel.
2.3.6.3. Calibration of the four-channel heat conduction microcalorimeter.
These experiments were carried out by Mr Samir Chahine, postgraduate student at 
the thermochemistry laboratory.
A- Calibration of the Hamilton gas-tight syringe.
The 500pl gas-tight motor driven Hamilton syringe was calibrated by accurately 
measuring the weight of water delivered by it. For this purpose, distilled water (~ 0.04 g) 
was injected from the syringe into a sealed vial and after each injection, the water mass 
was determined to five decimal places by an electronic balance. The calibration result 
obtained for the used Hamilton syringe was 41.25 ± 0.03 pi.
B- Electrical calibration of the microcalorimeter.
It should be emphasised that the heat conduction measurements performed by the 
electrically calibrated calorimeter may or may not be reliable to represent the chemical 
processes taking place in solution [164]. Therefore, it is important to check the validity of 
the electrical calibration values with a standard chemical reaction. For this purpose, a 
chemical calibration was carried out using the reaction suggested by Suurkuush and 
Wadso [164] for the complexation between 18-crown-6 and barium(II) (as chloride), 
BaCl2 , in aqueous medium at 298.15 K. This was carried out by charging the reaction 
vessel with a solution of 18-crown-6 in water (2.8 ml, ~ 4 x 10' 4 mol.dnT3). This was 
followed by about 14 injections of the aqueous solution of BaCb (~ 9 x 10' 3 mol.dnT3) , 
which was added from a Hamilton gas-tight syringe. The values obtained (log Ks = 3.77 ± 
0.01, ACH° = -31.42 ± 0.02 kJ. mol"1) were in good agreement with those published by 
Briggner and Wadso [165].
C- Heat corrections.
The total heat produced in a calorimetric titration experiment in the reaction vessel 
does not only involve the heat of complexation but also involves other heat effects 
originated by side processes. These are due to the following additional facts,
Chapter 2 65
1- Heat resulting from the dilution of the titrate. A heat effect may result from 
dilution as the titrant is added to the titrate solution. Correction for this heat was 
accomplished by performing a separate experiment for the titrate (metal cation 
solution) to establish the heat of dilution in the appropriate reaction solvent. This 
value was subtracted from the heat of complexation in the appropriate medium.
2- The temperature difference between the titrant and the titrate. During the 
titration experiment, the temperature difference between the titrate and the titrant 
adds a small but still an extra heat effect in the reaction which should be corrected 
for. However, in this work, the burette needle was immersed in the same 
environment as the titration vessel to avoid temperature changes.
3- Heat contribution from side reactions other than the complexation process in 
the calorimetric vessel. This should be subtracted from the total heat. In this 
work no effects of this type had to be considered due to the absence of any side 
reaction.
2.3.6.4. Microcalorimetric titration studies for the complexation of the Ln3+ cations 
and macrocyclic ligands in solutions at 298.15 K.
In this work, two microcalorimetric procedures were employed according to the 
stability constant (log Ks) value to be measured. The first method involves direct 
microcalorimetric titration experiments employed for systems having log Ks values up to 
6 . The second method involves the competitive microcalorimetric titration experiments 
employed for systems having log Ks values above 6 . Each method will be described 
briefly in the following paragraphs
Direct microcalorimetric titration studies were carried out to establish the thermodynamic 
parameters for the complexation process between Ln3+ with L3, L5 and L7 in C H 3 C N  at
298.15 K. In a typical direct microcalorimetric titration experiment, the reaction vessel 
was charged with a solution (2 . 8  ml) containing the macrocycle (concentration range from 
4.9 x 10' 5 to 2.4 x 10' 4  mol.dm'3). This ligand solution was incrementally injected with 
small volumes of 11.95 pL of the appropriate Ln3+ salt solution using the Hamilton 
syringe. As far as ion-pair formation is concerned, this effect was minimized by working 
at very low salt concentration as suggested by Danil de Namor and Jafou [25]. Hence, the 
concentrations of Ln3+ salts in non-aqueous solvents ranged from 1.8 to 7.3 x 10' 4 
mol.dm'3.
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Competitive microcalorimetric titration studies were carried out to study the interaction 
between Ln3+ cations and cryptand 222 in CH3CN at 289.15 K. In this method, a solution 
of a metal-ion complex (of which the log Ks and ACH° values are well established) placed 
in the reaction vessel is titrated with a solution of the investigated metal cation. Hence, 
these studies are based on a competitive reaction between lanthanide cations with silver- 
cryptates 222 in CH3CN. In a typical competitive titration experiment, the reaction vessel 
was charged with a solution of the silver cryptate (2.8 ml) in CH3CN (concentration range 
from 1.0 x 10' 4 to 3.0 x lO' 4 mol dm’3, n^g = 3 n\ or 2 ; where n^g,  and n\ or 2 , are the 
number o f moles of the metal cation and the ligand, respectively). The appropriate 
concentration of the lanthanide salt solution ranged from 6.0 xlO ' 3 to 9.0 xlO ' 3 mol dm'3. 
This was injected incrementally by a Hamilton syringe to the silver cryptate solution 
contained in the reaction vessel.
In each experiment, about twenty injections were made at time intervals o f 45 to 60 
minutes given that the studied complexation process was kinetically slow. Corrections of 
the enthalpy of dilution of the titrant (by performing a separate dilution experiment of the 
salt solution in the solvent used) were carried out in all experiments. Also a signal and a 
dynamic correction were applied automatically to compensate for the time constant before 
the results were presented. Finally, the data obtained from these studies were collected 
and a computer program [162] was used to calculate log Ks and ACH values for the 
complexation process.
2.3.6.5. Calculations.
A. Calculation of log Ks values for the lanthanide-L complexes via the direct 
microcalorimetric titrations [26, 157-157].
The complexation process between ‘n’ number of lanthanide cations (M, charge 
eliminated for practicality), and ‘m ’ number of ligands (L) was described previously in 
eqn. 2.10. The molar concentrations of the species in solution can be deduced from eqns. 
2.30 and 2.31,
[LT] = [L] + [MnLm] (eqn. 2.30)
[Mr]= [M] + [MnLm] (eqn. 2.31)
In eqns. 2.30 and 2.31 [M], [L], and [MnLm] are the molar concentration o f free metal 
cations, ligand and complex in solution respectively. [Mr] and [LT] are the total molar
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concentration of the metal and the ligand respectively. Assuming that the activity 
coefficients of these solutions are close to unity, then Ks can be given by eqn. 2.32:
_ \M n^n \  __________ [MnLm]__________  . ^ 22)
S [M][L] ([LT]-[M„Lm])([MT - [ M nLm])
The computer program (Digitam 4.1 for Windows from Thermometric AB and SciTech 
Software AB, Sweden) employed to calculate log Ks and ACH values involves a 
sophisticated non-linear minimisation algorithms [166-167]. Having established the 
stability constant, Ks, the standard Gibbs energy of complexation, ACG° was calculated by 
the use of eqn. 2.33. Combination of ACG° with the standard enthalpy o f complexation, 
ACH°, yields the standard entropy of complexation, ACS°, by the use o f eqn. 2.34.
ACG° = -R T In Ks (eqn. 2.33)
ACG° = ACH° -  T ACS° (eqn. 2.34)
B. Calculation of log Ks values for lanthanide-cryptates via competitive 
microcalorimetric titrations [159, 161].
As depicted in eqn.2.35, the process taking place in acetonitrile, C H 3 C N ,  at 298.15 K is a 
competition reaction between the lanthanide cation (M"+) and the silver cation (Ag+) for 
cryptand 222 (222). The overall stability constant (Ks) and ACH° values for this process 
can be derived from microcalorimetric measurements.
Ks
Ag+- 222 (CH3CN)+M n+(CH3CN)------ >Mn+ -222(CH3CN) + Ag+(CH3CN) (eqn. 2.35)
The stability constant, KAg-2 2 2 , and enthalpy of complexation, ACAg-2 2 2H°, values for the 
Ag+ - 222 comples in this medium (as depicted in eqn. 2.36) have been reported [194].
A g * ( C H 3C N )  + 222 (C H 3C N ) A g *  (C H , C N ) (eqn. 2.36)
Combination of eqns. 2.35 and 2.36 leads to eqn.2.37 that present the complexation 
process for the Ln3+- cryptand 222 complexes (M"+ - 222). As a result, the stability, log 
KLn-2 2 2 , and enthalpy, ACLn-2 2 2H°, for this system can be calculated from eqn.2.38 and 2.39
M"* (CH,CN)  + 222 (CH3CN) M " * - 2 2 2  (C H ,C N ) (eqn.2.37)
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log Ks = KL n -222 + log KA g-222 , therefore log KL n -222 = log Ks -  log KA g -2 2 2  (eqn.2.3 8 )
ACH° = ACLn-2 2 2H° -AcAg-2 2 2H° , therefore ACLn-22 2H° = ACH° - AcAg.2 2 2H° (eqn.2.39)
The same computer program employed in direct microcalorimetry was employed for the 
calculation of stability constant and AHC. However in this case it takes into consideration 
the presence of the Ln3+-complex species [M2n+L] in the reaction vessel. Thus, the molar 
concentrations of the species in solution are deducted from the following eqns.
[Mjm+]r = [M™+L\ + [M1m+ ]
[m ; +]t  = [ m - 2+l \ + [ m n
[L]t = [M 1w+Z] + [M ”+Z]
(eqn. 2.40) 
(eqn. 2.41) 
(eqn. 2.42)
[ l v O r ,  [M2n+]r, and [ L ] r  are used to denote the total concentrations of the first metal 
cation (Ag+), in the reaction vessel, the second metal cation (lanthanide cation) titrated to 
the reaction vessel and that of the ligand respectively. The stability constant, Ks, (for the 
complexation process in eqn.35) can be derived using the following eqns,
_ [ M ? L ] x ( l M r h - m T - [ M ”+i ] ) )  
( [ i ] r - [ M 2"+i])x ([M 2"+]r - W ’*L)
(eqn. 2.43)
[L]T +[M"2*}r + K.
x [M2 L \ + [M2 ]r [Z]r = 0 (eqn. 2.44)
The concentration of the investigated complex, [M2n+L] is then calculated from eqn.2.45.
- [ l } 7 [L]T+[Mn2+]T +
2 (1-1 !KS)
[Mnr-[zi
K..
T -4^-W TULi
. (eqn.2.45)
Consequently, the computer program was then used to calculate the [Mim+]7; [M2n+]r, and 
[ L ] r  and thus determining log K s and A CH °  values. Determination of log K l 0 3+ -2 2 2  and 
ACLn-2 2 2H° was accomplished by using eqn.2.38 and 2.39. A CS °  for this system was 
calculated using eqn.2.34.
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3. Results and discussion.
3.1. Introduction.
The selection of L1-L7 ligands (Shown in Fig. 3.1) was based on the fact that 
i) lanthanide(III) cations (Ln3+) have affinity for donor atoms such as oxygen,
nitrogen, sulphur and phosphorus in the decreasing order O > N > S =  P and ii) have 
co-ordination numbers ranging from eight to twelve [4, 168]. Thus, as demonstrated 
in Fig. 3.1, all of the investigated ligands contain oxygen and nitrogen donor atoms 
and each have at least ten or more binding sites. As far as L7 is concerned, this ligand 
also contains phosphorus donor atoms. The following paragraphs provide a brief 
account on these macrocycles used in this study as complexing agents for Ln3+ 
cations.
The two amino calix[4]arene derivatives, L I and L2 (Fig.3.1) have potential as 
extracting agents because i) they are not soluble in water, ii) they are easily recyclable 
via a pH switching mechanism.
On the other hand, it was reported that lower rim calix[4]arene ketone derivatives 
could enter selective interaction with alkali-metal cations due to the presence of hard 
donor atoms (oxygen) in their hydrophilic cavity [169]. Previous studies show strong 
and selective complexation between the methyl ketone calix[4]arene derivative, L3 
(Fig.3.1), and the Na+ cation in CH3 CN at 298.15 K, partially due to a size 
compatibility between its hydrophilic cavity with the Na+ cationic radius [169]. As a 
result, interactions would be expected to occur between this ligand and Ln3+ cations 
whose sizes are similar to that of the Na+ cation.
Furthermore selective complexation of lanthanide (III) cations by amide derivatives 
has been reported [25-26, 168]. A recent study on the extraction properties of different 
lower rim calix[4]arene amide derivatives showed that the percentage of lanthanide 
cations extracted from an aqueous phase into an organic phase containing 
calix[4]arene amide derivative is dependent on the nature of the amide substitutents 
[4, 168]. Therefore, this study investigated the interaction o f a number of lower rim 
calix[4]arene amide derivatives (L4 - L 6 , Fig.3.1) with Ln3+ cations in solution at
298.15 K.
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Fig. 3.1: Schematic representations of the studied macrocyclic ligands.
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As far as L7 is concerned, a detailed study [106] of its complexation ability reported 
that L7 complexes weakly with the heavy and alkali-metal cations to form 2:1 
[L]/[M] complexes in CH3CN at 298.15 K. Therefore, this study investigates if  a 
similar interaction takes place between this ligand and Ln3+ cations in the same 
medium.
Cryptands have a three-dimensional cavity lined with oxygen and nitrogen donor 
atoms and have been shown to form strong complexes with metal cations, including 
the lanthanide cations [65-70, 170-172]. A number of stable lanthanide cryptates have 
been isolated from anhydrous organic solvents [173-174]. Thermodynamic data for 
the complexation process of a few lanthanide(III) cations (La3+, Pr3+ and Nd3+) and 
cryptand 222 in different solvents (acetonitrile, N, A-dimethlyformamide and 
propylene carbonate) at 298.15 K have been previously investigated by our group 
[71]. Based on the work of Seminara and Rizzarelli [23], the previous work was 
carried out using high concentrations of lanthanides salts in solution where other
O 1
species besides Ln ionic species are present in solution. In view of the work 
published later on by Danil de Namor and Jafou [25] in which the result of Seminara 
and Rizzarelli [23] were disputed, we decided to (i) revisit the thermodynamics of 
La3+, Pr3+ and Nd3+ cations and cryptand 222 complexes in acetonitrile and (ii) extend 
these investigations to other lanthanide (III) cations as well as Sc3+ and Y3+ cations.
In addition, the medium effect on the complexation process of the studied systems 
was assessed in this work. For this purpose, the interaction between Ln3+ cations and 
the macrocycles was investigated in two dipolar aprotic solvents at 298.15 K. These 
two solvents are acetonitrile (protophobic solvent) and N, vV-dimethylformamide 
(protophilic solvent).
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The results of the studies carried out to investigate the interaction between Ln3+ 
cations and macrocycles will be discussed separately according to the following order:
1- 1 H-NMR studies of the ligand and its lanthanide(III) complexes in the appropriate 
solvent at 298.15 K.
2- Conductimetric titration studies for the interaction of Ln3+ cations with the various 
ligands in two dipolar aprotic media at 298.15 K.
3- X-ray crystallographic studies that revealed the solid state structure for some of 
the investigated ligands.
4- The determination of the thermodynamic parameters of complexation (stability 
constant expressed as log Ks, standard Gibbs energy, ACG° enthalpy, ACH°, and 
entropy, ACS°, of complexation) of lanthanide(III) cations and various ligands in 
dipolar aprotic media at 298.15 K.
3.2. 'H-NMR studies.
The H-NMR studies involved the characterisation of each ligand in deuterated 
chloroform ( C D C I 3 ) ,  deuterated acetonitrile ( C D 3 C N )  and a few ligands (LI, L2 and 
L4) were also characterised in deuterated A,ALdimethylformamide (d7-DMF) at 298 
K. Subsequently, 1 H-NMR titration experiments were carried out to investigate the 
complexation and the sites of interaction of these ligands with the appropriate Ln3+ 
cations in C D 3 C N .  A few systems were also investigated in d7-DMF at 298 K. As 
stated in the Experimental Section (Section 2.3.1.3), all of the 1 H-NMR spectra are 
included in Appendices 5.1 to 5.34, while their data are tabulated and included in the 
following text.
3.2.1. ^ -N M R  studies for (tetrakis [4(ethyl) morpholine] oxyl} p-tert- 
butylcalix[4]arene, L I, and its Ln3+ complexes in different media
3.2.1.1. ^ -N M R  spectrum of L I in C D C I 3  at 298 K [9].
The 1 H-NMR spectrum of L I in C D C I 3  at 298.15 K (Fig. 3.2) agrees with that 
reported by Sueros Velarde [105]. As seen in Fig. 3.2, this ^ -N M R  spectrum shows
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the characteristic pair o f doublets arising from the bridging methylene protons 
(ArCHhAr). These signals are assigned to the axial and the equatorial protons, which 
are chemically non-equivalent and thus appear as pair of doublets. Gutsche [80, 98] 
reported that by measuring the differences between the chemical shifts (A8ax.-eq in 
ppm) o f the axial and the equatorial protons it is possible to estimate the distortion of 
the ‘cone’ conformation. The same author assigned a value of 0.90 ppm for a system 
in a perfect ‘cone’ conformation [80]. The pair of doublets for the equatorial and axial 
protons of this ligand in this medium are found at 3.10 and 4.40 ppm respectively, 
with a difference between them of 1.30 ppm. This value suggests that in this solvent, 
L I adopts a flattened ‘cone’ conformation. This might be due to the introduction of 
the ‘bulky’ morpholine groups in the lower rim o f the calix[4]arene, causing the 
pendent arms to move away as far as possible from each other in order to reduce the 
steric and electrostatic effects between the pendent arms at the lower rim.
Additionally the pair of triplets signals found at 2.52 and 3.70 ppm were assigned to 
the protons of the N - C H 9 - C H 7 - O  morpholine group respectively, while the pair of 
triplets at 2.95 and 4.06 ppm were assigned to the Q - C H ? - C H ? - N  protons respectively. 
The singlet found at 1.07 ppm represents the tert-butyl protons, while the downfield 
singlet at 6.77 ppm is due to the aromatic protons.
^ w v j  tV*V^
Fig.3.2: ‘H-NMR spectrum of LI in CDC13 at 298 K.
In an attempt to investigate the medium effect on the conformation of L I, 1 H-NMR 
studies were carried out in CD3CN and dyDMF and these are discussed in the 
following Section.
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3.2.I.2. ^ -N M R  spectrum of L I in CD3 CN at 298 K.
The chemical shift signals assigned for the bridging methylene protons in the 
/H-NMR spectrum of L I in CD3CN at 298 K (Fig. 3.3) were analysed carefully in 
order to gain information regarding the conformation of L I in this medium. The 
upfield chemical shift at 3.19 ppm was assigned to the equatorial protons, while the 
downfield chemical shift at 4.06 ppm was assigned to the axial protons. The distance 
between these chemical shifts, A8  ax.-eq, was 1.13 ppm, which is close to the value 
suggested by Gutsche for the parent calix[4]arene in their perfect ‘cone’ conformation 
[80]. It can therefore be said that a change in L I conformation in CD3 CN, relative to 
that in CDCI3 was found. This is indicated by the decrease in the distance between the 
methylene bridge protons of L I in CD3CN suggesting that this ligand adopted a more 
symmetrical but still a flattened ‘cone’ conformation in this solvent. This might 
indicate that an interaction takes place between a molecule o f CD3CN and the 
hydrophobic cavity of this ligand. This statement can be supported by the downfield 
shifts observed for the aromatic and the tert-butyl protons (found at 7.05 and 1.13 
ppm respectively) in CD3CN compared to that in CDCI3 (found at 6.77 and 1.07 ppm 
respectively).
On the other hand, the pair of triplets found at 2.48 and 4.06 ppm were assigned to the 
chemical shifts of the N-CH2 -CH2 -O morpholine group protons respectively and those 
at 2.20 and 4.06 ppm are assigned for the 0-CH?-CH?-N protons respectively.
2
Fig. 3.3: ^-NM R spectrum of LI in CD3CN 298 K.
3.2.I.3. ^ -N M R  spectrum of L I in d7-DMF at 298 K.
In general, the proton chemical shifts of L I in d?-DMF are at similar 
resonance to those found in CDCI3 at 298 K (Fig. 3.4). Thus, the pair of doublets 
representing the chemical shifts for the equatorial and the axial (methylene bridge)
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protons were found at 3.10 and 4.40 ppm, respectively. The distance between these 
doublets (= 1.30 ppm) is similar to that found for this ligand in CDCI3 , which suggests 
a flattened ‘cone’ conformation in this medium.
Fig. 3.4: !H-NMR spectrum of LI in d7-DMF 298 K..
As far as the 1 H-NMR data for the chemical shifts of the aromatic protons in L I are 
concerned, these were recorded at 6.77 ppm in CDCI3 , 6.80 ppm in dyDMF and in 
7.05 ppm in CD3CN at 298 K. A similar downfield shift in acetonitrile has been 
observed in the 1 H-NMR studies of /?-tert-butylcalix[4]arene tetraethanoate [174] as 
well as /?-/er/-butylcalix[4]arene tetradiidopropylacetamdide [25-26]. This behaviour 
is believed to reflect a specific interaction that takes place between the ligand and the 
solvent, which results in a ‘shaping effect’ of the macrocycle whereby the hydrophilic 
cavity is better pre-organised for complexation [174]. Danil de Namor and co-workers 
[174, 25] and Wipff and co-workers [62] also suggested that solvent molecules may 
interact with the hydrophobic cavity of a calixarene and preorganise it for 
complexation. Such inclusion of organic solvent molecules into the hydrophobic 
cavity of parent and derivatives of /?-terr-butylcalix[4]arene has been reported by X- 
ray crystallographic studies [80, 98]. For example, the X-ray structure of 1:1 
complexes of the parent p-fer/-butylcalix[4]arene with acetonitrile [80, 98] and 
another with toluene [80] have been reported.
Having established the conformation of the ligand in various solvents, !H- 
NMR titration experiments were carried out to assess the interaction, if  any, between 
this ligand and lanthanide(III) cations, Ln3+, in C D 3 C N  at 298 K.
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3.2.I.4. ^ -N M R  titrations of LI with Ln3+ cations in CD3 CN at 298 K.
1 H-NMR titrations of the ligand and Ln3+ cations (La3+, Nd3+, Eu3+, Gd3+, and 
H o3+) were carried out in CD3CN at 298 K. For the purpose of discussion of these 
results, this section will be discussed under two headings (i) ^ -N M R  studies o f LI 
with heavy lanthanide(III) cations, (ii) 1 H-NMR studies of LI with the light 
lanthanide(III) cations.
(i) 1 H-NMR titrations of LI with the heavy Ln3+ cations (Eu3+, Gd3+ and Ho3+) in 
CD3CN in 298 K,
The 1 H-NMR spectra for the titrations of LI with the Ln3+ cations (Eu3+, Gd3+ 
and Ho3+) in CD3CN at 298 K are included in Appendices 2.1- 2.3. Fig. 3.5 shows a 
typical pattern of the chemical shift changes, A 5 in ppm, for the titration o f LI with 
Ln3+ cation (in this case Eu3+) in CD3 CN at 298 K vs. the [Ln3+]/[Ll]. The differences 
between the chemical shifts (A 8 ) of the complexes relative to the free ligand are 
tabulated (Table 3.1). Inspection of the 1 H-NMR data appears to indicate that 
interaction is taking place between LI and these cations in this medium. In Fig. 3.5, 
the break seen at 0.5 [Ln3+]/[L] seems to suggest that two cations are taken up per unit 
of ligand.
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Fig.3.5: Chemical shift changes (A5 in ppm) for the titration o f LI with Eu3+ vs. the metal 
cationiligand concentration ratio in CD3CN at 298 K.
Table 3.1: Chemical shift changes (A8; ppm) of L l a upon complexation with Ln3+ 
cations in CD3CN at 298 K.
Proton A8  / ppm
E u3+ Gd3+ Ho3+ ^
H-l (fert-butyl) -0.01 -0.02 l O ©
H-2 -0.76 -0.75 1 p bo h—k
H-3 -0.71 -0.65 -0.72
H-4 (equatorial) -0.13 -0.14 -0.12
H-5
t-HOi -0.14 -0.12
H-6 -0.30 -0.29 -0.28
H-7 (axial) 0.31 0.28 0.28
H-8 (aromatic) -0.02 -0.02 -0.01
aRelative to the chemical shifts (8 ) for the free L I in CD3CN at 298 K (ppm); H-l (tert-butyl) 
= 1.13; H-2 = 220; H-3 = 2.48; H-4 (equatorial) = 3.19; H-5 = 3.70; H-5 = 4.06; H - 6  (axial) = 
4.06; H-7 (aromatic) = 7.05 ppm.
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The data obtained from the chemical shift changes (A 8 ) o f L I upon complexation 
with these Ln3+ cations relative to the free ligand will be analysed on the basis of large 
and small changes in A 8 . The following observations were noticed for the large 
A 8  changes (Table 3.1 and Fig. 3.5),
Just before the 1:1 [M]/[L] ratio is reached, the spectra become simple and the proton 
chemical shifts corresponding to the H-2, H-4, H-5, H - 6  and H-7 protons become 
highly broadened. In addition, the signals for the methylene bridge protons 
disappeared at 1:1: [M]/[L] ratio. These observations may indicate a calix 
rearrangement in order to accommodate the second ion. Hence, when a 2:1 [M]/[L] 
ratio is reached, the spectrum becomes clear and these later signals re-appear. The 
new doublets observed on either side of the methylene bridge protons might indicate 
that these protons are experiencing different electronic environments. Moreover, the 
shielding effect observed for the axial proton, H-7, (A 8  ~ 0.3 ppm) is typical, as a 
result o f the inclusion of a positive charge in the ligand hydrophilic cavity [4, 28, 32].
As previously stated, the distance between the axial and the equatorial protons in the 
free L I in CD3CN revealed a flattened ‘cone’ conformation. However, upon 
complexation the distance between these protons decreased to 0.83 ppm, suggesting 
that the ligand adopted a relatively perfect ‘cone’ conformation upon complexation 
with these cations in this medium.
As seen in Fig. 3.5, crossing between the proton signals of H-5 and H-4 is observed. 
Crossing between proton signals has been previously observed by Hutcherson [175] 
and Jafou [26]. This was explained in terms of a rearrangement o f the calixarene 
cavity to accommodate a second ion. Similar conclusions might be deducted from Fig.
3.5, suggesting that L I is interacting with two units of ions in this medium
The data from the free L I 1 H-NMR spectrum in CD3CN at 298 K suggested the 
ligand rearrangement in this solvent relative to that in CDCI3 and d7-DMF. This 
observation opens a question regarding the possibility of the presence, in solution, of 
an acetonitrile molecule in the hydrophobic cavity at the same time that the ligand is
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interacting with a cation via its hydrophilic cavity. A similar observation was reported 
by Danil de Namor and co-workers [174, 176] from the solid state X-ray structure of 
{tetrakis [2-pyridylmethyl] oxy) /?-fer/-butylcalix[4]arene interacting with a molecule 
of acetonitrile (via the ligand hydrophobic cavity) and a silver cation (via the ligand 
hydrophilic cavity) [176] and for the same ligand and the sodium [174]
The small changes observed in the chemical shifts of the tert- butyl (H-l) and aromatic 
(H-8) protons upon complexation with these cations in this medium (Fig. 3.6) can be 
explained as follows. In contrast to the expected large signal changes in the protons of 
the upper rim when interactions via the ethereal oxygens donor atoms takes place, the 
changes seen in the upper rim of LI were not substantial [6, 175]. This suggests that 
the ethereal oxygens are not taking a major participation in the complexation process. 
However the observed dieshielding of the H-l protons before the 1:1 [M]/[L] ratio is 
reached follows the expected behaviour suggesting the involvement of the ethereal 
oxygen donor atoms in the encapsulation of the cation. However, after this ratio, H-l 
behaviour changes and a shielding effect was observed suggesting that the interaction 
with these oxygens decreases as the second ionic species interacts with the 
hydrophilic cavity of LI.
QG2
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Fig.3.6: Chemical shift changes (A6 in ppm) observed for H-l and H-8 protons in the titration 
o f L I with Eu3+ vs. the metal cation:ligand concentration ratio in CD3CN at 298 K
However, the largest chemical shift changes were associated with the protons near to 
the nitrogen donor atoms, namely, H-2 and H-3 (A6 > 0.7 ppm). The smaller chemical 
shift changes of H-5 and H-6 (-0.29 and 0.13 ppm respectively) suggest a lesser
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involvement of these hard donor atoms in this interaction. Based on these facts, it is 
concluded that the strong active sites of L I for Ln3+ cations in this medium are 
provided by the nitrogen donor atoms and to a small extent by the oxygen donor 
atoms.
Figs. 3.7 and 3.8 show the 1 H-NMR spectra of the Eu3+L1 complex and the 
protonated L I in CD3CN at 298 K, respectively. Comparison between the proton 
chemical shift o f Ln L I complexes (Fig. 3.7) with those for the protonated L I (Fig. 
3.8) in the same medium showed major similarities. As a result, these findings appear 
to indicate that the observed break at 2:1 [M]/[L] may be attributed to the protonation 
of the nitrogen atoms of the ligand rather than complexation with the heavy Ln3+ 
cations.
Fig. 3.7: ‘H-NMR spectrum of Eu3+-L1 complex in CD3CN 298 K.
Fig. 3.8: ‘H-NMR spectrum of the protonated LI in CD3CN at 298.15 K:
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(ii) *H-NMR titrations of L I with the light Ln3+ cations (La3+ and Nd3+) in 
CD3CN at 298 K.
1 H-NMR data for these titrations are included in Appendices 2.4 and 2.5. Fig. 
3.9 shows a typical pattern of the chemical shift changes, A 5 in ppm, for the titration 
of L I with Ln3+ cation (in this case Nd3+) in CD3CN at 298 K vs. the [Ln3+]/[Ll]. The
O 1
differences between the chemical shifts (A 8 ) of the Ln L I complexes relative to the 
free ligand are tabulated (Table 3.2). A quick inspection of Fig. 3.9 and Table 3.2, 
seems to suggests that similar chemical shift changes are taking place upon
• 3”Fcomplexation of these systems (light Ln L I complexes) as those seen earlier for the 
interaction between the heavy Ln cations with L I in this medium. However,
■1 1
contrary to the interaction pattern of the heavy Ln cations the complexation of L I 
with the light Ln3+ (Nd3+ and La3+) cations showed smaller A8  changes and the data 
suggested the interaction of one unit of cation per one unit of ligand in this medium.
In general, the data for this study show that the sites of interaction in L I involve only 
the lower part pendant arms (the morpholine functional groups), with the protons 
close to the nitrogen donor atoms (H-2 and H-3) exhibiting larger changes than those 
protons near the oxygen donor atoms (H-5 and H-6 ). Contrary to previous suggestions 
of the high affinity of these metal cations for oxygen relative to nitrogen donor atoms 
[6-7], the 1 H-NMR data for the studied systems suggest that the nitrogen donor atoms 
are the active interaction sites of L I for the Ln3+ cations. Jafou [25-26] reported a 
similar 1 H-NMR data in which the complexation of a /?-/er/-butylcalix[4]arene amine 
derivative with the Ln cations caused larger chemical shifts changes in the protons 
near to the nitrogen donor atoms relative to those near to the oxygen donor atoms.
A8
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Fig. 3.9: Chemical shift changes (A8  in ppm) for the titration of L I with Nd3+ vs. Ln3+/hgand 
concentration ratio in CD3CN at 298 K
Table 3.2: Chemical shift changes (A8; ppm) of L la upon complexation with Ln3+ 
cations in CD3CN at 298 K.
Proton A8 / ppm
^  Nd3+ La3+ ^
H-l (tert-butyl) 0.01 0.01
H-2 -0.65 -0.70
H-3 -0.59 -0.57
H-4 (equatorial) -0.09 -0.08
H-5 -0.04 -0.08
H-6 -0.29 -0.25
H-7 (axial) 0.23 0.24
H-8 (aromatic) -0.02 -0.01
aRelative to the chemical shifts ( 8  in ppm) for the free L I in CD3CN at 298 K; H-l (tert- 
butyl) = 1.13; H-2 = 220; H-3 = 2.48; H-4 (equatorial) = 3.19; H-5 = 3.70; H-5 = 4.06; H - 6  
(axial) = 4.06; H-7 (aromatic) = 7.05.
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The complexation process o f these systems was studied in dvDMF to investigate if 
similar interaction is taking place in this medium. In the following Section 1 H-NMR 
titration data for this ligand with trivalent cations in this medium are discussed.
3.2.I.5. ^ -N M R  titrations of L I with La3+ cations in d7-DMF a t 298 K.
1 H-NMR titrations were performed to investigate the interaction of the La3+ 
cation with L I in d?-DMF at 298 K. The 'H-NMR spectra o f the titrations are 
included in Appendix 2.6. The data obtained from this experiment showed no 
significant chemical shift changes in the ligand spectrum as the Ln3+/L l ratio was 
increased. As a result it was concluded that either weak or no interaction takes place 
between L I and the La3+ cation in this solvent.
3.2.2. 1 H-NMR studies of the {tetrakis [l-(ethyl)piperidine] oxyl}-p-tert- 
butylcalix[4]arene, L2, and its Ln3+ complexes in different media.
3.2.2.I. ^ -N M R  spectrum of L2 in CDC13 a t 298 K.
The appearance of the pair o f doublets in the 1 H-NMR spectrum of L2 in 
CDCI3 at 298 K (Fig. 3.10) suggests that the calix adopts a ‘cone’ conformation in this 
medium [28]. The higher field doublet at 3.09 ppm is assigned to the equatorial 
protons, while the lower field doublet at 4.40 ppm is assigned to the axial protons. 
The difference between these signals ( A 8 a x . . eq )  is 1.31 ppm as previously observed for 
L I in this solvent. Similar to L I, this flattened ‘cone’ conformation of L2 might be 
attributed to the piperidine groups moving as far as possible from each other to reduce 
the electrostatic and steric effects at the lower rim.
In the 1 H-NMR spectrum for the free L2 in CDCI3 (Fig. 3.10), the upfield singlet for 
the tert-butyl protons was found at 1.08 ppm, while the pair o f triplets at 2.96 ppm, 
and 4.05 ppm is assigned to the O-CH2 -CH2 -N system respectively. The triplets of the 
piperidine group are located at 2.49, 1.57, 1.42 ppm, respectively, while a singlet at 
6.70 ppm is due to the aromatic protons.
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Fig. 3.10: 1 H-NMR spectrum of the free L2 in CDC13 at 298.K.
3.2.2.2. JH-NMR spectrum of L2 in CD3CN at 298 K.
The low solubility of L2 in C D 3 C N  at 298 K (~ 9x1 O' 5 mol.dm'J) is below the 
detection limit of the 1 H-NMR equipment available. Therefore no signal was observed 
in the 1 H-NMR spectrum for L2 in this solvent except for those expected from the 
protons of the solvent.
The following Section discusses the data for 1 H-NMR titrations o f L2 with
Ln3+ cations in different solvents at 298 K.
3.2.2.3. ^ -N M R  titrations of L2 with La + cations in CD3CN at 298 K.
The use of this technique to investigate the L2 spectrum in this solvent was 
prevented due to its low solubility in C D 3 C N  (~ 9 xlO ' 5 mol.dm'3). However, some 
calixarene derivatives exhibit solubility enhancement upon complexation [28]. Thus, a
1 H-NMR experiment was carried out by titrating L2 with La3+ cation in this medium 
(!H-NMR data for this titration included in Appendix 2.7). No signals were observed 
except those for the solvent protons.
3.2.2.4. ^ -N M R  titrations of L2 with La3+and Gd3+ cations in d7-DMF at 298 K.
These titration studies were performed to detect the presence or absence of 
complexation of between L2 with La3+ and Gd3+ cations in d?-DMF at 298 K. The 
data from these titrations (*H-NMR data included in Appendices 2.8 and 2.9) showed 
no significant changes in the chemical shift of this ligand protons as the [M]/[L] ratio
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increases in this medium. This observation indicates that weak or no interaction is 
taking place between this ligand and these cations in this medium.
3.2.3. 1 H-NMR studies for {tetrakis [l-(ethyl) methyl ketone] ethoxyl}- p-tert- 
butylcalix[4]arene, L3, and its complexes in C D 3 C N  at 298 K.
3.2.3.I. ^ -N M R  spectrum of L3 in CDC13 a t 298 K.
The 1 H-NMR spectrum of L3 in CDCI3 at 298 K (Fig. 3.11) agrees with that 
reported previously [161]. The singlet for the tert-butyl protons was found at 1.07 
ppm, whereas the downfield singlet at 6.80 ppm is assigned for the aromatic protons. 
The methyl and the ketone protons were seen at 4.78 ppm and 2.21 ppm respectively. 
The higher field doublet at 3.16 ppm is assigned to the equatorial protons, while the 
lower field doublet at 4.78 ppm are assigned to the axial protons. The A 8 a x .- e q  for L3 in 
this medium was 1.62 ppm, suggesting that this ligand adopts a highly flattened 
“cone” conformation in this medium, in which the aromatic rings of the calix are 
positioned nearly perpendicular to each other.
H-l
H-2.
H-3
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Fig. 3.11: 1 H-NMR spectrum of L3 in CDC13 at 298 K.
3.2.3.2. ^ -N M R  spectrum of L3 in C D 3 C N  at 298 K.
In the 1 H - N M R  spectrum for L3 in C D 3 C N  at 298 K (Fig. 3.12), the signal at 
1.18 ppm is assigned to the tert-butyl protons, while the downfield signal at 7.14 ppm 
is assigned to the aromatic protons. In comparison to the L3 spectrum in C D C I 3 ,  the 
tert-butyl and aromatic protons shifted by 0.11 and 0.34 ppm respectively, which 
could be attributed to the encapsulation of a C H 3 C N  molecule in the hydrophobic 
cavity as reported in the X-ray structure of this ligand in the solid state [169]. The H -5
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and the H - 6  protons were seen at 4.70 and 2.18 ppm respectively. The equatorial and 
axial protons were found at 3.27 and 4.82 ppm respectively, therefore the value of 
A 8 ax .-eq  for this ligand in this solvent was 1.55 ppm. This value is far from the value 
reported for the perfect ‘cone’ conformation [80], indicating that L3 adopted a 
flattened ‘cone’ conformation in this medium.
H-6 CH3
Fig. 3.12: !H-NMR spectrum of L3 in CD3CN at 298 K.
The following Section discusses the data obtained from 1 H-NMR titrations of
L3 with Ln3+ cations carried out in CD3 CN at 298 K.
3.2.3.3. 1 H-NMR titrations of L3 with Ln3+ cations (La3+, Nd3+, Sc3+, Eu3+ and 
Yb3+) in CD3CN at 298 K.
1   O I o  I «•) I
H-NMR titration experiments of L3 with chosen Ln cations (La , Nd , 
Sc3+, Eu3+, Yb3+) were carried out in C D 3 C N  at 298 K. The 1 H-NMR spectra for these 
titrations are included in Appendices 2.9 to 2.12. Changes in the 'H-NMR spectra (the 
protons chemical shifts) associated with the interaction o f La3+ with L3 could not be 
clearly identified, while the interaction of L3 with other Ln3+ cations were clearly 
analysed. Hence 1 H-NMR data for the interaction of L3 with the La3+ cation is 
discussed separately from those for other Ln cations in the following sections.
i) ^ -N M R  titrations of L3 with the La3+ cation in C D 3 C N  at 298 K.
The 'H-NMR spectra (Appendix 2.12) for this titration experiment showed a 
mixture of broad and weak signals corresponding to the protons o f the free and the
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complexed ligand that could not be identified. This observation suggests that the 
complexation process is slow on the 1 H-NMR time scale.
ii) 1 H-NMR titrations of L3 with Sc3+, Nd3+, Eu3+ and Yb3+ cations in CD3CN at 
298 K.
Inspection o f the 1 H-NMR titration data (Appendices 2.9 to 2.12) appears to 
indicate that interaction takes place between L3 and Sc3+, Nd3+, Eu3+, and Yb3+ cations 
in CD3CN at 298 K. Again the 1 H-NMR spectra for these metal-ion complexes 
showed a mixture of two signals (the free and complexed ligand), which may indicate 
weak complexation for these systems. However, at 1:1 [Ln3+]/[L3] ratio, the signals 
for the free ligand disappeared and identification of the signals for the complex was 
performed. It is useful to note that similar 1 H-NMR data were reported for L3 when 
titrated with NaSCN in CD3CN [169] which indicate the slow kinetics o f the binding 
process. The proton chemical shift changes, A8 , of Sc3+L3, Nd3+L3, Eu3+L3, and 
Yb3+L3 complexes relative to the free L3 are tabulated in Table 3.3.
As mentioned previously, the value for ASax.-eq for the free ligand in CD3 CN was 1.55 
ppm, indicating that the aromatic rings are parallel to each other while the macrocycle 
adopts a flattened ‘cone’ conformation. However upon complexation, the uptake of 
the metal cation by the hydrophilic cavity causes the pendant arms to become closer, 
leading to conformational changes. As a result, the distance between the equatorial 
and axial protons for the Ln3+L3 complex was found to be 1.25 ppm, which suggests 
that these complexes adopt a more symmetric ‘cone’ conformation relative to that 
found for the free ligand in the same medium.
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Table 3.3. Chemical shift changes (A8 ; ppm) of L3a upon complexation with Ln3+ 
cations in CD3CN at 298 K.
Proton
A5 /ppm
Nd3+ Eu3+ Yb3^
H-l (aromatic) 0 . 0 1 0 . 0 2 -0.05 0 . 0 1
H-2 0.35 0.35 0.47 0.32
H-3 (equatorial) 0.14 0.14 0.14 0.13
H-4 (axial) -0.14 -0.16 -0.17 -0.17
H-5 0 . 2 0 0 . 2 1 0 . 2 1 0.16
H - 6 0 . 0 2 0 . 0 1 0 . 0 2 0 . 0 2
“Relative to the chemical shifts for the free L3 in CD3CN 298 K (ppm); H-l (aromatic)= 
1.18; H-2 = 7.14; H-3 (equatorial) = 3.27; H-4 (axial) = 4.82; H-5 = 4.70 ; H- 6  (CH3) = 
2.18 ppm.
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Moreover, significant chemical shift changes were also observed in the equatorial (H- 
3) and H-5 protons (0.14 and 0.19 ppm respectively). These downfield shifts 
(deshielding effect) for these protons might be related to the encapsulation of the 
multicharged trivalent cation in the hydrophilic cavity. The deshielding (downfield 
shift) noted for the aromatic protons also indicates the interaction of the etheral 
oxygen with the cation. This latter statement suggests that the lanthanide cation is 
centrally located within the hydrophilic cavity defined by the four ketone groups 
interacting with the four ethereal and the four carbonyl oxygen atoms. This 
interpretation is supported by the X-ray crystal structures of the Na+ and K+ 
complexes of the tetraamide calix[4]arene derivative, which is conformationally 
related to the ketone series [177]. It is worth mentioning that the X-ray data for the 
structure of the Na+L3 complex [161] revealed that the cation is nesting in the 
hydrophilic cavity while interacting strongly with all o f the oxygen donor atoms. 
Therefore, the ^ -N M R  data concluded that the interaction sites in this ligand for Ln3+ 
cations are attributed to the oxygen donor atoms.
Finally, the downfield shift of the solvent protons signal upon ligand complexation 
with these cations opens a question regarding the possibility of a solvent molecule 
occupying the complex hydrophobic cavity. The interaction between L3 and a 
molecule o f CH3CN via the hydrophobic cavity was reported in X-ray crystallography 
[169], although this refers to the ligand in the solid state. It is worth noting that the 
reported X-ray crystallography for the Na+ complex o f L3 showed a molecule of 
CH3CN sitting inside its hydrophobic cavity [177].
3.2.4. ^ -N M R  studies of (di [methylcarbamyl] ethoxyl di-hydroxyl} p-tert- 
butylcalix[4]arene, L4, and its Ln3+ complexes in different media.
3.2.4.I. ^ -N M R  spectrum of L4 in CDCI3 a t 298 K.
The !H-NMR spectrum for L4 in C D C I 3  at 298 K is shown in Fig. 3.13. The 
protons corresponding to the two substituted dimethyl groups were assigned at 3.08 
ppm (singlet), while the singlet observed at 5.11 ppm is assigned to the protons o f the 
remaining two hydroxyl groups. The substitution of two hydroxyl groups by two 
tertiary amide groups causes a change in the electronic environment of the aromatic 
and the tert-butyl protons. Therefore, each of the tert-butyl and aromatic protons had
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two sets o f signals. The two singlets for the fert-butyl protons were found at 1.04 and 
1.33 ppm, whereas the aromatic protons singlets were found at 6.78 and 7.09 ppm.
Concerning the methylene bridge protons, the signal for the equatorial protons were 
found at 3.20 ppm, while that for the axial protons was at 3.89 ppm. The difference 
between these protons chemical shifts (A8 ax.-eq) was 0.69 ppm. This values indicates 
that L4 is adopting a distorted ‘cone’ conformation in this medium in which the 
aromatic protons are nearly parallel to each other, while the phenolic oxygens are 
pointing inward the hydrophilic cavity. This interpretation can be supported by the 
formation o f hydrogen bonds in the lower rim, as reflected in the X-ray studies of L4 
(Section 3.4.3). Thus, the phenolic oxygens are closer to each other and as a result the 
hydrophobic cavity is enlarged.
OH
C = 0
Fig. 3.13: ^-NM R spectrum of L4 in CDC13 at 298 K.
3.2.4.2. ^ -N M R  spectrum of L4 in C D 3 C N  at 298 K.
As seen in the ^ -N M R  spectrum of L4 in CD3CN at 298 K (Fig. 3.14), the 
singlet at 6.04 ppm was assigned to the hydroxyl protons, which in this case appear to 
show an upfield shift of 0.79 ppm in comparison to that in CDCI3 . Unlike the L4 
spectrum in CDCI3 where the signal for the dimethyl protons was observed as a singlet 
at 3.08 ppm, in CD3CN at 298 K these protons appeared as two singlets at 3.00 and 
3.30 ppm. This might indicate that the dimethyl protons are affected by the solvent. 
This opens questions about the possibility of an interaction taking place between the 
solvent and the ligand’s hydrophobic cavity. Note that such interaction was found in 
the solid state structure of L4 in this solvent (Section. 3.4.3). This statement can be 
supported by the observed changes in the chemical shifts found for the two aromatic
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protons (at 7.10 and 7.22 ppm) and the two tert-butyl protons (at 1.08 and 1.27 ppm) 
corresponding to the data in CDCI3.
The equatorial and axial protons of the methylene bridge were assigned at 3.40 and 
3.99 ppms, respectively. As a result the value of A5ax.-eq for L4 in this medium was 
0.59 ppm indicating that L4 adopts a highly distorted ‘cone’ conformation in CD3 CN. 
This value might indicates that the opening of the hydrophobic cavity of this ligand is 
slightly larger in CD3 CN than in CDCI3 .
OH
c=o
Fig. 3.14: ^-NM R spectrum of L4 in CD3CN at 298 K.
Having established the conformation o f L4 in CDCI3 and CD3 CN at 298 K, 
the following Section discusses the data for !H-NMR titrations of L4 with metal 
cations (Ln3+, Li+and Na+) in CD3CN and d7-DMF- at 298 K.
3.2.4.3. ^ -N M R  titrations of L4 with metal cations (Eu3+, La3+, Li+ and Na+) in 
CD3CN and d7-DMF at 298 K.
!H-NMR titration experiments for the complexation o f L4 with Eu3+ and La3+ 
cations were carried out in CD3CN and d7-DMF at 298 K (]H-NMR spectra are 
included in Appendices 2.13 and 2.14). The complexation behaviour o f this ligand is 
unknown, thus a study was performed to investigate its complexation with other metal 
cations beside Ln3+ cations in solutions. Therefore, 'H-NMR titrations o f L4 with Li+ 
and Na+ cations were carried out in CD3CN and d7-DMF at 298 K (Appendices 5.15 
and 5.16), given that the Na+ cation (0.98 A [177]) has a similar size to Ln3+ cations, 
(La3+ - Yb3+ = 1.06 to 0 . 8 6  A [6 ]) whereas the Li+ cation (0 . 6 8  A [6 ]) is relatively 
smaller in size than these cations.
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A- ^ -N M R  titrations of L4 with Eu3+ and La3+ cations in CD3 CN and dvD M F 
at 298 K.
Data for the ^ -N M R  titrations (Appendices 2.13 and 2.14) suggested that an 
interaction is taking place between L4 and Ln3+ cations (Eu3+ and La3+) in C D 3 C N  at 
298 K. The observed chemical shift changes (A5 ppm) in the ligand spectrum versus 
the [La3+]/[L4] is plotted in Fig. 3.15. Table 3.4 includes the calculated differences
1 1
between the chemical shifts (A5) of the Ln L4 complexes relative to those for the 
free L4. A quick inspection of Fig. 3.15 shows that the interaction between L4 and 
these cations is only observed via the upfield shifting of the dimethyl group protons 
(H-3 and H-4 protons shifted -0.16 and -0.04 ppm for the Eu3+L4 complex and -0.12
o 1
and -0.03 ppm for La L4 complex, respectively). The insignificant changes to the 
rest of the ligand protons indicate the rigid conformation of L4, which can be 
attributed to the strong hydrogen bonding between the two remaining hydroxyl 
groups. As a result, this limited ligand flexibility allows only the dimethyl group with 
its N and O donor atoms to be available for interaction with these cations. Hence, it 
can be said that the active sites in L4 for Ln3+ cations are attributed to the nitrogen 
and the carbonyl oxygen donor atoms. Additionally, the solvent protons signal, k, was 
observed to shift by -0.22 and -0.15 ppm in the Eu3+L4 and La3+L4 complexes, 
respectively. This shielding effect could be related to the encapsulation o f a solvent 
molecule as reported in the X-ray crystallographic study o f this ligand (Section. 
3.4.3).
Furthermore, the interaction between La3+ and Eu3+ cations with L4 in d7- 
DMF at 298 K was investigated by !H-NMR titration in this medium (Appendix 
2.17). The results showed no evidence of interaction taking place between L4 and 
these metal cations in this medium. It is therefore concluded that no interaction takes
O 1
place between L4 and Ln cations in d7-DMF at 298 K.
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Fig. 3.15: Chemical shift changes (A8  in ppm) for the titration o f L4 with La3+ vs. the metal 
cation:ligand concentration ratio in CD3CN at 298 K.
Table 3.4. Chemical shift changes (A8; ppm) of L4a upon complexation with Ln3+ 
cations in CD3CN at 298 K.
Proton
A8 / ppm
^ L a 3+ 3-T^Eu
H-l 0.00 -0.01
H-2 -0.01 -0.01
k (CD3CN) -0.15 -0.22
H-3 -0.03 -0.04
H-4 -0.12 -0.16
H-5 (equatorial) 0.00 0.00
H-6 (axial) 0.00 0.00
H-7 0.00 -0.01
H-8 (aromatic) 0.00 0.00
H-9 (aromatic) 0.00 0.00
aRelative to the chemical shifts o f the free L4 in CD3CN 298 K (ppm); H-l = 1.08; H-2 = 
1.27; H-3= 3.00; H-4 = 3.30; H-5 (equatorial) = 3.40; H - 6  (axial) = 3.99; H-7 (OH) = 5.11; 
H - 8  (aromatic) = 7.10; H-9 (aromatic) = 7.19 ppm.
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B - 1H -N M R  titra tio n s  o f L4 w ith  N a+ and L i+ cations in  CD3CN a t 298 K.
Since the complexation ability o f  this ligand was not yet explored, !H-NM R 
titration experiments were extended to include the interaction between metal cations 
other than Ln3+ and L4 in CD3CN at 298 K. ^ -N M R  data for the titration o f  L4 with 
the Na+ cation in CD 3CN at 298 K  (Appendix 2.15) showed no indication o f  an 
interaction taking place, since no chemical shift changes were observed. Thus absence 
o f  interaction in these systems was concluded in this medium.
On the other hand, data for the !H-NMR titration o f  L4 with the Li+ cation in CD 3CN 
at 298 K (Appendix 2.16) showed evidence o f  an interaction taking place as deduced 
from the changes in the ligand chemical shifts versus the metal cation: ligand 
concentration ratio shown in Fig. 3.16. As illustrated in this figure, unlike the
*51
complexation o f  L4 and the Ln cations in this medium (via the N  and the carbonyl 
O donor atoms), ]H-NMR data for the complexation o f  L4 with the Li+ cation showed 
a small change in the hydroxyl proton signals thus suggesting the involvement o f  the 
hydroxyl oxygen in this interaction. This observation might also indicate that this 
cation is encapsulated deeply in the ligand’s hydrophilic cavity. Chemical shift 
changes o f -0.10 and -0.02 ppm were observed in the dimethyl protons (H-3 and H-4) 
respectively. A  downfield shift (-0.03 ppm) was also observed for the remaining two 
hydroxyl group protons (H-7). Therefore, the active sites o f  interaction in L4 with the 
Li+ cation are mainly attributed to the N, the carbonyl O and to a lesser extent the 
hydroxyl O donor atoms.
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Fig. 3.16: Chemical shift changes (A8  in ppm) for the titration o f L4 with Li3+ vs. the metal 
cation:ligand concentration ratio in CD3CN at 298 K.
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In conclusion, the selective interaction of L4 with Ln3+ and Li+ cations over 
the Na+ cation in this medium represents an interesting behaviour.
3.2.5. ^ -N M R  studies of {tetrakis [tetra-acetamide] oxyl}-/?-tert-butyl 
calix[4]arene, L5, and its Ln3+ complexes in CD3CN at 298 K.
3.2.5.I. ^ -N M R  spectrum of L5 in CDCI3 in 298 K.
The singlets observed in the !H-NMR spectrum for L5 in CDCI3 in 298 K 
(Fig. 3.17) at 1.07 and 6.78 ppm are assigned to the tert-butyl and aromatic protons, 
respectively. The H - 6  and H-7 protons are found at 3.33 ppm (triplet) and 2.13 ppm 
(singlet) respectively. The doublet of H-4 protons are found at 5.03 ppm.
The doublets corresponding to the equatorial and axial protons are shown at 3.15 and 
5.29 ppm respectively, which indicate that this ligand adopted a highly flattened 
‘cone’ conformation, since the value of A8 ax.-eq for this ligand in this medium was 
2.14 ppm. This latter statement means that the ligand hydrophobic cavity is widely 
open and the aromatic rings are perpendicular to each other.
8 7  6  5  4 3 2  1 PPM
Fig. 3.17: ^-NM R spectrum of L5 in CDC13 at 298 K.
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3.2.5.2. ^ -N M R  spectrum of L5 in CD3CN in 298 K.
In the ^ -N M R  spectrum for L5 in C D 3 C N  in 298 K shown in Fig. 3.18, the 
upfield singlet at 1.14 ppm is assigned to the tert-butyl protons, while the downfield 
singlet at 7.10 ppm is assigned to the aromatic protons. The protons corresponding to 
H - 6  and H-7 are observed at 3.33 and 1.21 ppm, respectively. The signal for the H-4 
protons in C D 3 C N  is found at 4.98 ppm, which relative to that in C D C I 3  has shifted 
upfield (-0.05 ppm). This latter observation indicates the ligand rearrangement in this 
medium relative to C D C I 3 .  This indication might explain the slight change in the 
chemical shifts of the equatorial and the axial protons (at 3.16 and 5.21 ppm 
respectively) and, as a result, the value of A 5a x .-eq is 2.05 ppm in C D 3 C N .  Similar to 
C D C I 3 ,  this value ( A 8 a x ..eq =  2.05 ppm) in C D 3 C N  suggests that L5 adopts a highly 
flattened ‘cone’ conformation, where the aromatic rings are nearly perpendicular to 
each other. This interpretation may find some support by the reported X-ray structure 
o f this ligand [109] and L5 X-ray studies (Section 3.4.4), although the latter refers to 
the solid state. Nonetheless, the reduction in the A5ax.-eq value in C D 3 C N  relative to 
that in C D C I 3  suggests the calix ‘reshaping’ by reducing the opening of the 
hydrophobic cavity thus adopting a more symmetrical shape in the former relative to 
the latter solvent.
PPM
Fig. 3.18: ^-NM R spectrum of L5 in CD3CN at 298 K.
After studying the L5 spectrum in different media the next Section proceeds 
with a discussion of the data for the 'H-NMR titrations of L5 with Ln3+ cations in 
CD3CN at 298 K.
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3.2.5.3. ^ -N M R  titrations of L5 with Ln3+ cations (Sc3+, La3+, Eu3+ and Yb3+) in 
CD3CN at 298 K.
The data for the 'H-NMR titrations of L5 with Ln3+ (Sc3+, La3+, Eu3+ and 
Yb34) cations in this medium are included in Appendices 2.18 to 2.20. The addition of 
La3+ and Yb3+ cations to the L5 solution produced broad ^ -N M R  spectra, which 
prevented analysis of these data. However, this observed signal broadening in these 
latter systems are not without an explanation, since they can be related to the 
enhancement of the paramagnetism nature of these Ln3+ cations when complexing to 
this ligand. An interesting point that can be deducted from the !H-NMR spectra of 
La3+L5 and Yb3+L5 complexes is the fact that the last and the first members o f the 
lanthanide(III) series have caused the most distortion in the ligand JH-NMR spectrum 
upon complexation.
As far as the !H-NMR data for the L5 complexation with Sc3+ and Eu3+ cations in this 
medium are concerned, the chemical shift changes upon complexation o f L5 with 
these cations relative to the free L5 were analysed and included in Table 3.5.
The doublets of the equatorial and axial protons are shown at 4.60 and 5.55 ppm, 
respectively for the Sc3+L5 complex and at 4.79 and 5.77 ppm, respectively for the 
Eu3+L5 complex. The value for ASax -eq for the free ligand in C D 3 C N  was 2.05 ppm, 
however upon complexation this value decreases to 0.98 ppm suggesting that L5 
when complexed adopts a symmetrical ‘cone’ conformation.
This latter finding indicates the ligand rearrangement in this solvent. This is supported 
by the observed upfield shifts in the H - 6  and H-7 protons indicating that the methyl 
protons are rearranged so as to be pointing outward the hydrophilic cavity, while the 
carbonyl oxygens are pointing inward the hydrophilic cavity. This information 
indicates the flexibility o f the carbonyl oxygen to be able to move closer in order to 
interact with the small Ln3+ cations. On the other hand, the downfield shift o f the H-2 
protons indicates the interaction of the ethereal oxygens with the metal cation. This 
statement is supported by the large chemical shift changes observed for the aromatic 
protons, H-2, which might be related to the involvement of the ethereal oxygen donor 
atoms in the complexation process.
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Table 3.5. Chemical shift changes (A8 ; ppm) of L5a upon complexation with Ln3+ 
cations in CD3CN at 298 K.
Proton A8  /nnm
E u ^
H-l 0 . 0 2 0.04
H-2 (aromatic) 0.97 1.44
H-3 (equatorial) 1.44 1.63
H-4 (axial) 0.34 0.56
H-5 -0 . 2 1 -0 . 2 1
H - 6 overlapped overlapped
H-7 0.77 0.80
aRelative to the chemical shifts of the free L5 in CD3CN (ppm) at 298 K; H-l = 1.14; H-2 = 
7.10; H-3 (equatorial) = 3.16; H-4 (axial) = 5.21; H-5 = 4.98; H- 6  = 3.33; H-7 (CH3) = 1.21 
ppm.
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Beer and co-workers [178] have reported the X-ray crystal structure of a series of 
transition metal-ion complexes o f p-ter/-butylcalix[4]arene tetraacetamide. They 
found that the size of the hydrophilic cavity in this ligand, defined by the eight oxygen 
atoms (four ethereal and four carbonyl) is such that it fits the stereochemcial 
requirements of the larger cations such as K+ and Pb2+ (cations size 1.38 A and 1.19 A 
respectively for a coordination number o f six [179]). Also mainly due to the relative 
inflexibility of the ether oxygen donor atoms, it is unlikely for the hydrophilic cavity 
to adjust and allow small cations (such as Ln3+) to reach eight co-ordination with the 
donor atoms of the ligand. Unlike these latter donor atoms, the carbonyl oxygen donor 
atoms are more flexible and able to move closer in order to interact with the smaller 
transition-metal cations (Zn2+, Fe2+ and Cu2+). Such cations (with sizes o f 0.74 A, and 
0.61 A and o.73 A, respectively [179]) were found to interact strongly with L5 via the 
four carbonyl oxygen donor atoms while the bonds formed between these cations and 
the four ethereal oxygens were found to be much weaker [178]. Furthermore the X- 
ray crystal structure of the Eu3+L5 complex reported by Sabbatini and co-workers 
[109] shows that the four ethereal and carbonyl oxygen donor atoms are involved in 
the encapsulation of this cation by this ligand, although this refer to the solid state. As 
a result it can be concluded that the interaction sites in L5 for Ln3+ cations are 
attributed to the eight oxygen donor atoms.
A recent study carried out by Danil de Namor and Jafou [25-26], involving a 
similar ligand (replacing the ethyl groups in L5 with isopropyl groups), revealed the 
size dependency of such a ligand upon complexation. These data revealed that La3+ 
(the first metal cation in the lanthanide series and the largest cation) with an ionic 
radius o f 1.06 A [6-7] was able to form a 4-fold symmetric complex with the ligand, 
while, Lu3+ (the last in the lanthanide series and the smallest cation) with ionic radius 
of 0.84 A [6-7] forms a 2 -fold symmetric complex. Hence the same situation could be 
assumed for L5 interaction with Ln3+ cations as deducted from the ^ -N M R  data 
obtained in this study. Indeed, the size dependency o f L5 could explain the observed 
difference in the AS values in the Sc3+L5 and Eu3+L5 complexes. Indeed greater 
AS changes were noted upon complexation with the latter compared to the former 
cation. The ionic radii of these two metal cations are 0.72 A and 0.95 A, respectively 
[6 , 179].
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3.2.6. ^ -N M R  studies {di-substituted [acetylurethane] ethoxyl di-hydroxyl}-/?- 
te/7-butylca!ix[4]arene, L 6 , and its Ln3+ complexes in CD3 CN at 298 K.
3.2.6.I. ^ -N M R  spectrum of L 6  in CDCI3 in 298 K.
The !H-NMR spectrum of L 6  in CDCI3 in 298 K is shown in Fig. 3.19. The 
two tert-butyl singlets are found at 1.00 and 1.27 ppm, while those for the aromatic 
protons are at 6.99 and 7.10 ppm. The signal for the two remaining hydroxyl groups is 
observed as a downfield singlet at 7.94 ppm. The protons o f H - 6  and H-7 appeared at 
1.34, and 4.27 ppm, respectively, whereas the NH protons are seen at 4.60 ppm. 
Furthermore, the pair of doublets for the equatorial and axial protons are shown at 
3.40 and 4.04 ppm respectively, making the value of A8 ax._eq as 1.36 ppm, which 
indicates that L 6  adopts a flattened ‘cone’ conformation in this medium.
OH \  o  _!■ 
H-10 H‘5 CH  h -3
c=oI
NHIc=o
J U c
PPM
Eig. 3.19. !H-NMR spectrum of L6  in CDC13 in 298 K.
3 .2 .6 .2 . ^ -N M R  spectrum of L 6  in CD3CN at 298 K.
A quick inspection of the 'H-NMR spectrum of L 6  in CD3CN at 298 K (Fig. 
3 .2 0 ) indicates that this ligand rearranged its conformation in this solvent compared to 
that found in CDCI3 . This is deducted from the following observations, a) the change 
observed in the chemical shifts of the two fer/-butyl singlets, where they moved to a 
closer resonance positions at 1.15 and 1.21 ppm, respectively, b) Similar behaviour is 
also noted for the aromatic protons, since their corresponding two singlets moved to a 
closer resonance position to each other (7.27 and 7.34 ppms). c) the upfield signal for 
the H-3 protons (4.64 ppm) was dishielded relative to that in CDCI3 (4.43 ppm), while
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those for the H - 6  and H -7 protons are seen at 4.21 and 1.34 ppm, respectively, d) the 
signal corresponding to the remaining two hydroxyl groups (8.99 ppm) are dishielded 
by 1.05 ppm in this medium relative to that in C D C I 3 .  e) the ligand rearrangement in 
this medium is also deducted from the A S a x .-eq  value which is 0.74  ppm in this case, 
since the equatorial and the axial protons appeared at 3.42 and 4.16  ppm respectively. 
This suggests that L 6  is adopting a distorted ‘cone’ calix conformation in C H 3 C N ,  
contrary to that in C D C I 3  which was suggested to be a flatenned ‘cone conformations 
( A 5a x .-eq = 1.36 ppm in C D C I 3 ) .
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Fig. 3.20. !H-NMR spectrum of L6  in CD3CN at 298 K.
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3.2.6.3. ^ -N M R  titrations of L6 with Tb3+ and Nd3+ cations in CD3CN at 298 K.
!H-NMR titrations were performed to investigate the interaction of L 6  with 
Tb3+ and Nd3+ cations in C D 3 C N  at 298 K  and the data for these studies are included 
in Appendices 2.21 and 2.22. The results of these experiments indicate that interaction 
takes place between L 6  with these cations in this medium. The ^ -N M R  spectra for 
these titrations were characterised by the stepwise disappearance of the ligand signals 
as those corresponding to the metal-ion complex appeared. The data for the proton 
chemical shift changes, A S ,  of the Nd3+L 6  and the Tb3+L 6  complexes relative to that 
for the free L 6  in this medium are tabulated in Table 3 .6 .
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Table 3.6. Chemical shift changes (A5; ppm) of L 6 a upon complexation with Ln3+ 
cations in C D 3 C N  at 298 K.
Proton A5 / ppm
^ T b 3+ Nd3+^
H-l {tert-butyl) -0.08 -0 . 1 1
H-2 {tert-butyl) -0.08 -0 . 1 2
H-3 0 . 0 2 0.05
H-4 (axial) 0 0
H-5 (equatorial) -0.24 -0.19
H - 6 -0.23 -0.16
H-7 -0 . 0 2 -0 . 0 1
H - 8  (aromatic) 0 . 2 2 0.28
H-9 (aromatic) 0 . 2 0 0.25
H-10 -1.80 -1.89
aRelative to the chemical shifts of the free L6  in CD3CN (ppm) at 298 K: H-l {tert-butyl) = 
1.15; H-2 (ferf-butyl) = 1.21; H-3 (CH3) = 1.34; H-4 (axial) = 3.42; H-5 (equatorial) = 4.16; 
H- 6  = 4.21; H-7 = 4.64; H- 8  (aromatic) = 7.27; H-9 (aromatic) = 7.34; H-10 (OH) = 8.99 
ppm.
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It is noted from Table 3.6 that while the signal for the axial proton does not change, 
these for the equatorial protons shift to 3.92 and 3.97 ppm (or dishielded by -0.24 and 
-0.19 ppm) for the Tb3+L 6  and Nd3+L 6  complexes, respectively. The difference 
between the chemical shifts of the axial and equatorial protons for free L 6  was 0.74 
ppm in this medium indicating a distorted ‘cone’ conformation. However, upon 
complexation this difference decreases to 0.50 and 0.55 ppm for the Tb3+L 6  and 
Nd3+L 6  complexes respectively. This decrease indicates that the ligand adopts a 
highly distorted ‘cone’ conformation in this medium, where the tert-butyl arms are 
nearly parallel to each other. This allows the ethereal and the remaining hydroxyl 
oxygen donor atoms to move closer to capture the small trivalent cation. This 
suggestion is supported by the observed upfield shifts of the aromatic protons signal, 
which can be related to the involvement of the ethereal oxygen donor atoms in this 
complexation. Moreover the dishielding effect observed in H - 6  could be related to the 
movement of the amide carboxyl group to the inner side of the hydrophilic cavity to 
interact with the encapsulated cation. The large change observed for the OH protons 
indicates that the metal cation might be encapsulated deeply in the hydrophilic cavity, 
so that a direct interaction is possible with the hydroxyl oxygen donor atoms. On the 
other hand, the insignificant change in the chemical shifts o f H-7 and H-3 protons 
support the suggestion that the metal cation is deeply encapsulated in the hydrophilic 
cavity closer to the ethereal and hydroxyl oxygen donor atoms and away from the 
peripheral oxygen donor atoms.
Moreover, the involvement of the nitrogen donor atoms as an active site of 
interaction cannot be excluded, since the signal for the NH protons disappeared upon 
complexation with these cations. In conclusion, it can be said that Ln3+ cations 
coordinate with the eight O donor atoms in L 6  (2 hydroxyl, 2 etheral, and 4 carbonyl) 
while the involvement of the N donor atoms in this complexation cannot be excluded.
3.2.7. ^ -N M R  studies for {di-[ethyl-phosphate amino]ethoxy di-hydroxyl }-p- 
tert-buty\ calix[4]arene, L7, and its Ln3+complexes in CD3 CN at 298 K.
3.2.7.I. *H-NMR spectrum of L7 in C D C I 3  in 298 K.
The ]H-NMR spectrum of L7 in CDCI3 in 298 K agrees with that reported by 
Danil de Namor and Aparicio [106]. As shown in Fig. 3.21 the functionalisation of
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two o f the pendant arms in this ligand disturbed the environment o f the aromatic and 
the tert-butyl protons. Hence, the two singlets at 1.14 and 1.22 ppm represent the tert- 
butyl protons, while those for the aromatic protons are at 7.02 and 7.28 ppm. The 
singlet observed at 5.27 ppm is assigned to the NH protons, while the hydroxyl 
protons are assigned at 8.63 ppm (singlet). The H - 8  and H-9 protons are at 4.11 and 
1.32 ppm respectively, whereas the H-5 and H - 6  protons are at 4.15 and 3.36 ppm, 
respectively. The axial and equatorial protons are found at 3.35 and 4.31 ppm 
respectively. The 0.96 ppm value for A8 ax.-eq indicates that L7 adopts a perfect calix 
‘cone’ conformation similar to the parent calix[4]arene [80].
CH2 h-5
i 2 H-6
NH H-7
CH2 CH2 H-8
CH2 CH2 h-9
Fig. 3.21. !H-NMR spectrum of L7 in CDC13 at 298 K.
3.2.7.2. !H-NMR spectrum of L7 in C D 3 C N  in 298 K.
The established JH-NMR spectrum of L7 in CD3CN in 298 K (Fig. 3.22) 
agrees with the reported !H-NMR spectrum of this ligand in this medium [106]. In 
Fig. 3.22, the two ferf-butyl signals were observed at 1.18 and 1.20 ppm, which in 
comparison to those for L7 in CD3CI, are in closer resonance positions to each other. 
Similarly the two signals corresponding to the aromatic protons were shifted closer to 
each other to a similar resonance position (7.20 and 7.26 ppm) in CD3 CN. These latter 
two observations may indicate that the ligand is rearranging its conformation into a 
more symmetrical pattern. The signal corresponding to the NH is at 5.19 ppm. The 
signals of the H-5 and H - 6  protons are observed at 4.15 and 3.55 ppm, respectively, 
whereas those for the H - 8  and H-9 are at 4.10 and 1.20 ppm, respectively. The change 
in the ligand conformation in this medium relative to that in CDCI3 can be deducted 
from the value of A5ax.-eq. The axial and the equatorial doublets were assigned at 3.43
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and 4.28 ppm respectively, reducing the difference between them to 0.85 ppm relative 
to that found in C D C I 3  (0.96 ppm) indicating that L7 adopts a perfect ‘cone’ 
conformation in this medium [80].
Fig. 3.22: !H-NMR spectrum of L7 in CD3CN at 298 K.
Having studied the ligand conformation in different solvents the following 
Section proceeds with a discussion on the results of the !H-NMR titrations carried out 
for this ligand with Ln3+ cations in C D 3 C N  at 298 K.
3.2.7.3. ^ -N M R  titrations of L7 with Ln3+ cations in CD3 CN at 298 K.
This study was carried out to investigate the interaction of L7 with Sc3+ and 
Yb3+ cations in C D 3 C N  at 298 K (Appendices 2.32 and 2.33). Since these two *H- 
NMR titration studies showed different trends in the A5 changes upon complexation, 
the study was extended to cover the interaction of L7 with other Ln3+ (La3+, Pr3+, 
Nd3+, Eu3+, Ho3+, Er3+ and Y3+) cations in this medium (Appendices 2.29 to 2.37). The 
data for each o f these titration experiments differ significantly. However, broadening 
of the protons signals for the cation-complexes in this medium prevented their 
identification. In general, this observed signal broadening can be attributed to the 
interaction between the paramagnetic centre of the trivalent (Ln3+) cation and the 
protons near the binding sites [5, 168], which enhances the paramagnetic nature o f the
<51 1
Ln cations and thus disturbing the H-NMR spectrum of the cation complex. It 
should be noted that the differences observed in the ligand, L7, chemical shift changes 
and the peak broadening patterns upon complexation with each of the studied cations 
do not mean that the co-ordination sites are different in each case. It only reveals that
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the effect of the paramagnetic centre of the encapsulated Ln3+ cation is different in 
each case. A fact to be considered from these studies is that there is a relatively less 
signal broadening observed in the ligand spectrum upon interaction with the light Ln3+
'■> t
cations relative to that upon interaction with the heavy Ln cations in this medium. 
This could be related to the increased paramagnetic effect of the heavy Ln3+ cation as 
the number of the electrons in the/ orbital increases [5, 6 , 168].
Moreover, chemical shift changes are known to occur in the protons near to the metal 
cation centre, while protons that are far away from the metal cation centre are the last 
ones to be broadened and the least to be shifted [5, 6 ]. In this sense, these studies 
revealed that the first and the more significant broadening were associated with the 
protons near to the phosphorus oxygen donor atoms. As a result it can be said that the 
complexation sites in L7 could be assigned mainly to the six oxygen donor atoms.
3.2.8. ^ -N M R  titrations of Cryptand 222 with Ln3+ (La3+ and Eu3+) cations in 
CD3CN at 298 K.
'H-NMR titrations were carried out to investigate the site of interaction of 
Cryptand 222 with Ln3+ (La3+ and Eu3+) cations in C D 3 C N  at 298 K (]H-NMR data in 
Appendices 2.34). Fig. 3.23 is a plot of the A 8  (in ppm) for the titration o f cryptand 
222 with E u 3+ in C D 3 C N  at 298 K vs. the Eu3+ / cryptand 222 concentration ratio. 
Table 3.7 includes the chemical shift changes between the free cryptand 222 and its 
Ln3+cryptate complexes. A representative example shown in Fig. 3.23 indicates the 
formation of 1:1 [Ln3+]/[Cryptand 222] complexes in this medium, although ^ -N M R  
data do not always provide concrete information regarding the complex stoichiometry 
[153]. The large chemical shifts observed in proton H-3 indicates the cavity 
contraction to reduce its size (from 1.4 A [71]) to encapsulate these relatively small 
cations (ionic radii for La3+ and Eu3+ are 1.06 A and 0.95 A, respectively [71]). 
Moreover, small changes were observed for the proton assigned to C D 3 C N ,  which 
could be related to the interaction of cryptates with solvent molecules as reported in 
the solid state structure of metal-ion cryptates [69, 71]. In conclusion, it can be said 
that the cryptand 222 interaction with Ln3+ cations is mainly through the O donor 
atoms, since the chemical shift changes observed in the protons near the N donor 
atoms are relatively small.
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Fig. 3.24: Plot of chemical shift differences (AS ppm) for the ^-NMR titration of cryptand 
222 with Eu3+ in CD3CN at 298 K vs. the [Eu3+]/[Cryptand 222] ratio.
Table 3.7. Chemical shift changes (AS; ppm) of cryptand 222a upon complexation 
with Ln3+ cations in C D 3 C N  at 298 K.
Proton
^ L a 3+
AS / ppm
Eu3+^
H-l -0.16 -0.17
H-2 0.19 0.24
H-3 -0 . 6 6 -0.87
“Relative to the chemical shifts (5 in ppm) of cryptand 222 in CD3CN at 298 K; H-l = 3.60; 
H-2 = 3.53; H-3 =2.56 ppm.
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After establishing the interaction sites of the ligand upon complexation with 
Ln3+ cations, conductance measurements were performed to investigate the 
complexation stoichiometry for the Ln3+L complexes in CH3 CN at 298.15 K. The 
effect of the media on the stoichiometry of the complex was investigated by 
performing these studies in CH3CN and DMF at 298.15 K. Conductimetric studies are 
now discussed.
3.3. Conductance measurements.
Conductimetric titration studies in CH3CN at 298.15 K for the ligands under 
investigation were performed with the following cations: La3+, Pr3+, Nd3+, Eu3+, Gd3+, 
Tb3+, Er3+, H o3+, Yb3+, Sc3+, and Y3+. These trivalent metal cations (Ln3+) were 
chosen randomly to represent the whole Ln3+ cations series. Hence, eleven out o f the 
fourteen lanthanides(III) cations are investigated in this study. As far as the 
conductance measurements in DMF at 298.15 K are concerned, the interaction of 
these ligands with selected Ln3+ cations to represents the first, the middle and the last 
lanthanide members were investigated. However, due to practicality, representative 
examples of conductimetric titration curves are shown in the text, while the data for 
all systems investigated are shown in Appendices 3.1 to 3.15.
In these experiments the appropriate lanthanide salts (dried by chemical reaction as 
described in Section 2.1(j)) were used to ensure the inertness o f the experimental 
conditions. Additionally, in each of the conductimetric titrations, the value o f Am in 
the absence of the ligand ( 0  ratio) was ensured to be close to the expected value for 
solutions containing predominantly trivalent lanthanide(III) ionic salts [25-27].
The conductivity cell constant used was measured before performing the titration 
experiments. This is required for the evaluation of the molar conductivity o f the 
solutions. This section starts by reporting the data for the determination o f the 
conductivity cell constant and subsequently discusses the results obtained for the 
conductance studies involving the titration o f Ln3+ cations and the relevant ligands in 
the appropriate solvent at 298.15 K.
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3.3.1. Determination of the conductivity cell constant.
This determination was performed according to the procedure described in the 
Experimental Part (Section 2.3.2.3.). Representative conductance data at different 
concentrations of aqueous solutions of KC1 at 298.15 K are shown in Table 3.8. For 
high accuracy, these measurements were repeated several times and the average cell 
constant (1.06 + 0.06 cm'1) was taken to represent the value of the conductivity cell 
constant to be used in the calculation of the molar conductances.
Table 3.8: Conductance data of aqueous KC1 solutions at 298.15 K for the 
determination of the cell constant.
[KCl] 
(m o ld in ')
Am
(S.cm2 .mol'1)
Cell constant 
(cm'1)
0 . 0 1 0 141.01 1.08
0.015 139.63 1.06
0.018 138.93 1 . 0 0
0 . 0 2 0 138.39 1.04
0.023 137.92 1.06
0.025 137.52 1.05
0.027 137.17 1.05
0.029 136.89 1.03
0.031 136.64 1.09
0.032 136.41 1.05
0.034 136.21 1.06
0.036 136.03 1.09
0.037 135.86 1 . 1 0
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3.3.2. Conductimetric titration studies for the complexation of Ln3+ cations with 
L I in CH3CN at 298.15 K.
Conductimertic titration curves for the complexation of the Ln3+ cations with L I 
in C H 3 C N  at 298.15 K (Appendix 3.1) revealed an interesting behaviour where the 
interaction of L I with the light and the heavy Ln3+ cations could be differentiated in 
terms of their complexation stoichiometries. The first complex stoichiometry 
associated with the interaction of L I with the light Ln3+ cations [La3+ (Fig. 3.24), 
Nd3+, Pr3+, Sc3+, Y3+ and Eu3+] in this solvent indicates the formation o f 1:1 [L1]/[M] 
complexes according to the process illustrated in eqn. 3.1
Ln3+ (CH3CN) + L I (CH3CN) ---------------► Ln3+-L l (CH3CN) (eqn. 3.1)
The shape o f these conductimetric titration curves suggests the formation o f a less 
mobile complexed cation (attributed to its larger size) relative to the free Ln3+ cation.
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Fig. 3.24: Conductimetric titration curve for the complexation of La3+ with LI in CH3CN at 
298.15 K
On the other hand, the complex stoichiometry observed in the conductimetric 
titration curves for the interaction between L I and the heavy Ln3+ cations [i.e. Gd3+, 
Tb3+, Ho3+ Er3+ and Yb3+ (Fig. 3.25)] in this medium showed a break at 0.5 [L1]/[M] 
stoichiometry suggesting that two Ln3+ cations are taken up per unit o f ligand. 
However, on electrostatic grounds it seems unlikely that the break observed at 0.5 
[L1]/[M] results from the complexation of two units of the tri-positive charged cation 
with one unit of L I.
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Fig. 3.25: Conductimetric titration curve for the complexation of Yb3+ with LI in CH3CN at
298.15 K
As mentioned at the start o f this Section (refer to Section 3.3) the lanthanide salts used 
were( dried chemically to remove their inherent water content. To investigate the 
importance of drying the lanthanide salts specially when studying their interaction 
with ligands that are susceptible to protonation as L I, conductimetric titrations for the 
complexation of L I and Ln3+ in CH3CN at 298 K were carried out using lanthanide 
salts that are 99.9 % anhydrous (as purchased). Indeed, these systems were found to 
be very sensitive to the dryness as shown in a typical data for these conductimetric 
titrations (Fig. 3.26). The titration curve shows a decrease in conductance from A to 
B with a minimum at [L]/[M] = 0.5, then an increase is noted from B to C followed by 
a relatively stable conductance from C to D. This leads to the formation o f breaks at 
0.5 and 1.0 [L]/[M] ratio. These data point out the importance of drying the lanthanide 
salts when studying their interactions in order to obtain reliable results
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Fig. 3.26: Conductimetric titration curve for the complexation of Yb3+ with LI in CH3CN at
298.15 K
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The rather peculiar observation in the conductimetric titration curves involving heavy 
Ln3+ cations and L I in CH3CN and the high affinity of amines to interact with the 
proton led to investigate the interaction of L I with the proton. Thus, HCIO4 was 
titrated with L I in CH3CN at 298.15 K. Fig. 3.27 shows the conductimetric titration 
curve for HCIO4  with L I in CH3CN at 298.15 K. This conductimetric titration curve 
shows a distinctive break at 0.5 [L]/[M] (in this case M = tC) indicating the formation 
of a 1:2 ligand:proton complex. However, the break observed in Fig. 3.27 is relatively
^ 1
weaker than that involving the heavy Ln cations.
4 9  -
1.00.0 0.5 1.5 2.0
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Fig. 3.27: Conductimetric titration curve for the interaction of H* with LI in CH3CN at
298.15 K
It is important to note that Fig. 3.27 shows the continuous decrease in Am after 
the 1:2 [L]/[M] stoichiometry was reached. These findings may suggest that the 
presence of the Ln3+ cation may interfere in the reaction. This observation does not 
exclude the possibility of an interaction taking place between the protonated ligand 
and the Ln3+ cation in this medium. It was thought that the most appropriate approach
o 1
to explain these findings was to attempt to isolate suitable crystals o f Ln L I 
complexes in order to perform X-ray diffraction studies. The result for this attempt is 
discussed later on in this thesis (Section 3.4.5).
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Conductance studies of L I with the silver. Ag+. cation in CEhCN at 298.15 K.
The competitive potentiometric method using silver electrodes has proved to 
be very useful for the determination of stability constants of neutral macrocycles and 
metal cations in solution [182]. However, its application requires the complexation of 
the ligand under investigation with the silver (Ag+) cation in the appropriate medium. 
Hence, conductance studies involving the Ag+ cation and L I in CH3CN at 298.15 K 
were carried out. Thus, Fig. 3.28 shows the conductimetric titration of Ag+ cation with 
L I in CH3CN at 298.15 K. The break observed in Fig 3.28 at 1:1 [Ll]/[Ag+] ratio 
indicates the formation of a 1:1 complex stoichiometry. Moreover, the observed 
increase in Am upon complexation indicates the formation of a less solvated (hence 
more mobile) complex relative to the free metal cation.
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Fig. 3.28: Conductimetric titration curve for the complexation of Ag+ with LI in CH3CN at 
298.15 K.
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3.3.3. Conductimetric titration studies for the complexation of Ln3+ cations with 
L2 in CH3CN at 298.15 K.
In general, the conductimetric titration curves for the complexation o f Ln3+ 
cations with L2 in CH3CN at 298.15 K (Yb3+ data are plotted in Fig.3.29) suggested 
the formation of a 1:1 [L2]/[M] complexes (data in Appendix 3.3). As expected, the 
formation o f these complexes is accompanied by a decrease in conductance [26]. This
n 1
is attributed to the formation of the larger size Ln L2 complexes (less mobile) in
O 1
comparison to the small free Ln cations (more mobile).
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Fig.3.29: Conductimetric titration curve for the complexation of Yb3+ with L2 in CH3CN at 
298.15 K.
Chapter 3 115
3.3.4. Conductimetric titration studies for the complexation of Ln3+ cations with 
L3 in CH3CN at 298.15 K.
The conductimetric titration curves for the complexation of L3 with Ln3+ 
cations in CH3CN at 298.15 K (Appendix 3.6), showed a difference in the 
conductance behaviour for the light cations (Fig. 3.30) as opposed to that for the
o 1
heavy Ln cations (Fig. 3.31). Difference in the conductance behaviour between the 
light and the heavy Ln3+ cations while interacting with the same chelating agent was 
reported in the literature [168, 183]. These observations can also be attributed to the 
effect of the Ln3+ contraction and the changes in the Ln3+ coordination number around 
Nd3+ [168, 183].
The shape of the conductimetric titration curves for the light Ln3+ cations [La3+, Sc3+ 
and Y3+ (Fig.30)] was found to be similar and suggested the formation o f complexes 
with 1:1 [L3]/[Ln3+] stoichiometry in C H 3C N  at 298.15 K. Nonetheless, unlike the 
ones performed in the previous Section, these conductimetric titration curves were 
relatively constant after the 1:1 [L]/[M] ratio was reached (i.e. complex 
stoichiometry). Again, the decrease in conductivity found in these curves is expected 
to be due to the formation of relatively larger (in size) complexes (less mobile) in 
comparison to the smaller (in size) free Ln3+ cations.
Conductimetric titration curves between L3 and the heavy Ln3+ cations [Nd3+, Eu3+, 
Gd3+, Tb3+, Er3+, Ho3+ and Yb3+ (Fig.3.31)] showed a different conductance behaviour 
to the previous ones (Appendix 3.6). In general, the observed sharp break at 1:1 
[L]/[M] suggests a complex formation between one unit of ligand per unit o f heavy 
Ln3+ cation, as observed for the light Ln3+ cations with this ligand in this medium. 
However, the observed increase in the former conductimetric titration curve upon 
complex formation could be attributed to the formation of a less solvated complex that 
is more mobile than the free cation. Similar observation have been previously reported 
by Danil de Namor [148] for conductance studies involving the Li+ cation and 15- 
crown-5 in CH3CN at 298.15 K and has been attributed to a higher solvation (lower 
mobility) of the free relative to the complex cation. Finally, the constant Am values 
observed after the 1:1 [L]/[M] ratio indicated the end of the reaction.
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Fig. 3.30: Conductimetric titration curve for the complexation of Y3+ with L3 in CH3CN at 
298.15 K
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Fig. 3.31: Conductimetric titration curve for the complexation of Yb3+ with L3 in CH3CN at 
298.15 K.
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In addition, it has been shown earlier that drying the Ln3+ salts via chemical reaction
3+
is a critical requirement prior to investigating the Ln cations interaction with ligands 
due to their susceptibility to protonation (Section 3.3.2). However, from the 
verification point of view, a study was performed to investigate whether this
precaution is also critical when studying ligands that are not susceptible to protonation
*> |
such as L3. Therefore, the interaction between Ln cations and L3 was investigated 
by conductimetric titrations using the Ln3+ salt (99% anhydrous) without further 
purification. The results of these conductimetric titration curves for the complexation 
of Ln3+ with L3 (Appendix 3.5) using these salts showed similar behaviour as 
illustrated in Fig. 3.32. The conductimetric titration curves were characterised by a 
continuous decrease in the conductance accompanied by breaks, which could be
'2-L.
attributed to the presence of water traces in the used Ln salts. As illustrated in Fig. 
3.32, upon extrapolation, the conductimetric titration curve suggested the formation of 
relatively weak 1:1 [L]/[M] complexes in this medium. These data emphasise the fact 
that using dried lanthanide salts and keeping them under dry conditions is not enough
t
to obtain reliable results. Hence, chemical dryness of Ln salts is critical in order to 
obtain reliable results even when working with ligands that are not susceptible to 
protonation.
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Fig. 3.32: Conductimetric titration curve for the complexation of Pr3+ with L3 in CH3CN at 
298.15 K
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3.3.5. Conductimetric titration studies for the complexation of Ln3+ cations with 
L4 in CH3CN at 298.15 K.
Conductimetric titration studies for the interaction o f L4 and Ln3+ cations in 
CH3 CN at 298.15 K (Fig. 3.33 for Yb3+) shows the formation o f weak complexes 
(Appendix 3.8). The stoichiometry of the formed complexes was only revealed after 
extrapolation, to conclude the formation of a 1:1 [L4]/[Ln3+] complexes in CH3 CN at
298.15 K. These complexes appear to be more mobile (less solvated) than the free 
cation leading to the noticeable increase in the molar conductance upon addition of 
the ligand to the metal cation. The increase in conductivity beyond the stoichiometry 
of the complexation (i.e. after 1:1 [L4]/[Ln3+]) can be attributed to a shift in the 
equilibrium by the addition of an excess of the ligand.
Conductance studies for the complexation of the Ag+ cation with L4 in CFhCN at
298.15 K.
The complexation of the ligand with the Ag+ cation is an essential requirement 
to apply the competitive potentiometric titration studies to determine the stability 
constant values of the Ln3+L4 complexes in this medium. Therefore, conductimetric 
titration studies for the complexation of the Ag+ cation with L4 in CH3CN at 298.15 K 
were performed. As illustrated in Fig. 3.34, the conductimetric titration curve for the 
titration of Ag+ with L4 in this medium suggests the formation of a weak 1:1 [L4]/[Ag+] 
complex, which is more mobile than the free silver cation in this medium.
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Fig. 3.33: Conductimetric titration curve for the complexation of Yb3+ with L4 in CH3CN at 
298.15 K
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Fig. 3.34: Conductimetric titration curve for the complexation of Ag+ with L4 in CH3CN at 
298.15 K
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3.3.6. Conductimetric titration studies for the complexation of Ln3+ cations with 
L5 in CH3CN at 298.15 K.
The results of the conductimetric titration studies in CH3CN at 298.15 K
*> 1
revealed the formations o f a 1:1 [L5]/[Ln ] complex stoichiometry (Appendix 3.9). A 
typical example is given by the titration curve of Yb3+with L5 in CH3 CN at 298.15 K 
as shown in Fig. 3.35. These conductimetric titration curves (Fig. 3.35) show two 
linear segments with a well defined change in the curvature at 1:1 [L]/[M] ratio,
I
indicating the formation o f relatively strong Ln L5 complexes compared to those 
formed between the Ln3+ cations and L3 (Section 3.3.5) or L4 (Section 3.3.6) in this 
medium. However, similar to the Ln3+L4 complexes (Section 3.3.6), the formation of 
the Ln3+L5 complexes in this medium is characterised by an increase in conductance 
suggesting the formation of a more mobile cation complex relative to the free cation.
Conductance studies for the complexation of the Ag+ cation with L5 in CH3CN at
298.15 K.
The data for the conductimetric titration study for the interaction between the 
silver cation and L5 in C H 3 C N  at 298.15 K are shown in Fig. 3.36. The sharp break 
observed in this conductimetric titration curve (Fig. 3.36) reveals the formation of 
relatively strong 1:1 [L5]/[Ag+] complex in this medium. The formation o f this 
complex was associated with the expected decrease in conductance due to the 
formation of the larger in size cation complex relative to the free cation (smaller in 
size).
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Fig. 3.35: Conductimetric titration curve for the complexation of Yb3+ with L5 in CH3CN at 
298.15 K
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Fig. 3.36: Conductimetric titration curve for the complexation of L5 with Ag+ in CH3CN at 
298.15K
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3.3.7. Conductimetric titration studies for the complexation of Ln3+ cations with 
L 6  in CH3CN at 298.15 K.
All of the resulting conductimetric titration curves for the complexation of L 6  
and Ln3+ cations (Yb3+ in Fig. 3.37) in CH3CN indicated the formation of 1:1 [L]/[M] 
complexes (Appendix 3.12). The formation of these complexes was associated with a 
decrease in conductance. These curves show a sharp break and a relatively large 
change in the molar conductance upon formation o f the complex. These observations 
might suggest that similar to the Ln3+L5 complexes (Section 3.3.6), these Ln3+L 6  
complexes are reasonably strong in this medium. However, this suggestion needs to 
be confirmed by thermodynamic studies.
Conductance studies for the complexation of the Ag+ cation with L 6  in CH^CN at
298.15 K.
As far as the conductimetric titration curve of the L 6  and the Ag+ cation is 
concerned (Fig. 3.38) the break at 1:1 [L]/[M] for this system suggests that the 
strength of the Ag L 6  complexes is relatively weaker than that observed for Ln L 6  
complexation in C H 3 C N  at 298.15 K. This observation might be attributed to the high 
degree o f solvation of this cation in acetonitrile as reflected in the transfer Gibbs 
energy of this cation from water to acetonitrile (AGtr for Ag+ from H 2 O  to C H 3 C N  =  -  
5.2 kJ.mol'1, data based on the PImAsPIuB convention) [185].
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Fig. 3.37: Conductimetric titration curve for the complexation of Yb3+ with L6  in CH3CN at
298.15 K
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Fig. 3.38: Conductimetric titration curve for the complexation of Ag+ with L6  in CH3CN at 
298.15 K.
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3.3.8. Conductimetric titration studies for the complexation of Ln3+ cations with 
L7 in CH3CN at 298.15 K.
Conductimetric titration curves for the complexation of L7 with Ln3+ in 
CH3CN at 298.15 K (data in Appendix 3.14) revealed a sharp break at [L7]/[Ln3+] = 
1.0 (Figs. 3.39 for L7 with Tb3+). Indeed, this sharp break observed and the large 
changes in conductance units (up to 2 0 0  conductance units in some cases) may 
suggest the formation of rather strong Ln3+L7 complexes compared to those observed 
with L3, L4 and L5 in this medium. However, a definitive conclusion regarding the 
stability of these complexes will be drawn later on from the thermodynamic studies.
However, an interesting observation emerges from these curves when the 
concentration ratio of the L / M was plotted versus a small range of molar 
conductance (20 units as shown in Fig. 3.40). In the conductimetric titration curve for 
the complexation of Tb3+ cation and L7 in C H 3 C N  at 298.15 K (Fig. 3.40), a clear 
second small break was observed at 2:1 [L]/[M] ratio. The area enlarged in this 
Figure, concealed that a second break existed at 2.0 [L]/[M] ratio and this break is 
characterised by a slight reduction in mobility after which the conductance became 
stable indicating the accomplishment of the reaction. If this break (at 2:1 [L]/[M]) is 
compared to the first break (at 1:1 [L]/[M]), it is obvious that the former cause much 
less reduction in the conductance units. This latter observation might explain the
1 1
vague appearance of the second break in the titration curves for the Ln L7. Thus the 
formation of a 2:1 [L]/[M] complex stoichiometry between L7 and Ln3+ cations in this 
medium cannot be excluded and need to be further investigated. The results are given 
under the Section on microcalorimetry.
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Fig. 3.39: Conductimetric titration curve for the complexation of Tb3+ with L7 in CH3CN at 
298.15 K
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Fig. 3.40: Conductimetric titration curve for the complexation of Tb3+ with L7 in CH3CN at 
298.15K
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3.3.9. Conductimetric titration studies for the complexation of Ln3+ cations with 
cryptand 222 in CH3CN at 298.15 K.
Although it is well established that cryptands form mostly 1:1 complexes with 
metal cations [26], conductimetric titrations were performed to corroborate that this 
was indeed the case in C H 3 C N  at 298.15 K (Appendix 3.15). These conductimetric 
titration curves (as shown for Yb in Fig. 3.41) were characterised by sharp breaks at 
1:1 [cryptand 222]/[Ln3+] that suggests complex formation between one unit o f the 
ligand per unit of the Ln3+ cation in this medium. Because the electrolyte was placed 
in the conductance vessel, a decrease due to the large size of the complexed cation 
compared with the free solvated cation would be expected. However, the observed 
increase in conductivity (Fig. 3.41) might be attributed to the formation o f a less 
solvated complex that is more mobile than the free metal cation [174].
The sharp break observed in these conductimetric titration curves indicates the 
formation of strong complexes between Ln cations and cryptand 222 in this 
medium. The strong complexation is also indicated by the large changes in the 
conductance units upon complexation. However, a quantitative assessment of the 
strength o f complexation of these Ln3+cryptates complexes will be accomplished by 
titration microcalorimetry studies discussed later on in this thesis.
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Fig. 3.41: Conductimetric titration curve for the complexation of Yb3+ with cryptand 222 in 
CH3CN at 298.15 K
it should be mentioned that conductimetric titration experiments revealed the slow 
kinetics of cryptate formation in this medium. This slow kinetics o f complextion for
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these systems have been studied by previous authors [67]. Guillian and co-workers 
[67] noted that the complexation process of the Ln3+cryptates seems to be greatly 
hampered by the low formation rate of these complexes, due to the slow removal of 
the solvation shell o f the highly charged trivalent cations. This effect is indeed 
observed specially with the smaller Ln3+ cations, where more than thirty five minutes 
were required to reach a stable reading.
Additionally, an investigation was carried out to estimate the sensitivity of cryptate to 
protonation by using lanthanide salts that were not dried by chemical reaction. As 
demonstrated in Fig. 3.42, a typical case of interaction between cryptand 222 and Ln3+ 
cations (using the purchased 99.9 % anhydrous salts) exhibits 2 breaks at 0.5 and 1.0 
[Ll]/[Ln3+] ratios that might suggests the protonation o f the ligand and/or the 
complex formed. As a result, the ligand, the salt and the solvent must be dried and the 
inert experimental conditions (i.e. continuous flow of nitrogen) must be maintained 
through out the experimental work. These are of crucial importance in the 
complexation processes involving Ln3+ cations and cryptand 222 in solution, since 
traces of water would lead to cryptand protonation [26, 140].
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Fig. 3.42: Conductimetric titration curve for the complexation of Gd3+ with cryptand 222 in 
CH3CN at 298.15 K
To confirm if  the break seen in Fig 3.42 at 0.5 [L]/[M] is indeed attributed to 
protonation, the ligand solution was titrated by perchloric acid (1%) in CH3CN at
298.15 K. Fig. 3.43 shows the resulted conductimetric curve which clearly demonstrate 
that the ligand protonation occurs at 0.5 [CryptandyfH*] ratio, proving that the break 
observed in Fig. 3.43 is indeed attributed to cryptand protonation.
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Fig. 3.43: Conductimetric titration curve for the interaction of cryptand222 with FT in CH3CN 
at 298.15 K
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Having established the Ln L complexes composition in C H 3C N , conductance 
studies were carried out in N, iV-dimethylformamide, DMF, in an attempt to assess the 
medium effect on the complexation process of these systems.
•^ 1
3.3.10. Conductimetric titration studies for the complexation of Ln cations with 
various ligands (LI, L2, L3, L4, L 6  and L7) in DMF at 298.15 K.
It is known that in conjunction with the process of complex formation between a 
ligand and a metal cation in solution, another process is taking place, which involves a 
competition between the ligand and the solvent for the free cation. Therefore, the 
binding properties of a ligand depend very much on the medium where the 
complexation process takes place. Within this context, the interaction o f L I, L2, L3, 
L4, L 6 , and L7 with Ln3+ cations was investigated in DMF at 298.15 K (data are 
included in Appendices 3.2, 3.4, 3.7, 3.9, 3.13 and 3.14 respectively).
It should be emphasised that the results of conductivity studies for the complexation 
o f Ln3+ cations in DMF was extremely sensitive to the degree of the solvent dryness. 
Indeed, it was noticed that drying the solvent for less than twenty four hours with 
magnesium sulphate (drying agent) results in conductance values that are not in the 
range reported for the trivalent cations species in this medium [25-26].
An inspection of the conductimetric titrations curves for the interactions between Ln 
cations and L I, L2, L3, L4, L 6  and L7 (example of each is seen in Figs. 3.44 to 49 
respectively), did not show any break or curve deviation in this medium. Therefore, it 
was concluded that no interaction takes place between these ligands and the Ln3+ 
cations in this medium.
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Fig. 3.44: Conductimetric titration curve for the complexation of Yb3+ with LI in DMF at 
298.15 K
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Fig. 3.45: Conductimetric titration curve for the complexation of Yb3+ with L2 in DMF at 
298.15 K
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Fig. 3.46: Conductimetric titration curve for the complexation of Yb3+ with L3 in DMF at 
298.15 K
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Fig. 3.47: Conductimetric titration curve for the complexation of Yb3+ with L4 in DMF at 
298.15 K
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Fig. 3.48: Conductimetric titration curve for the complexation of Yb3+ with L6  in DMF at
298.15 K
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Fig. 3.49: Conductimetric titration curve for the complexation of Yb3+ with L7 in DMF at 
298.15K
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Despite of the similar dielectric constants between CH3CN (s = 35 [185]) and DMF (e 
= 36.7 [44]), it is known that DMF is a better cation solvator than CH3CN [178, 185- 
186]. This latter statement explains the absence of interaction of these systems in 
DMF as reflected from the straight-line observed in the investigated conductimetric 
titration curves and emphasise the effect o f the media on the complexation process. 
Similarly, Danil de Namor and Jafou [25] reported weaker or absence of
<2_i_
complexation between calix[4]arene derivatives and the Ln cations when the media 
of interaction was changed from CH3CN to DMF at 298.15 K. Further literature 
reported similar medium effect and credited it to the stronger solvation power o f DMF 
for cations in comparison to CH3CN [185].
3.3.11. Conductimetric titration studies for the complexation of Ln3+ cations with 
L5 in DMF at 298.15 K.
Conductimetric titration studies performed to investigate the interaction 
between L5 and Ln3+ cations [Gd3+ and L5 (Fig. 3.53)] in DMF at 298.15 K clearly 
revealed the formation of a 1:1 [L]/[M] complex stoichiometry in this medium (data 
in Appendix 3.11). However, it should be noted that although L5 was able to complex 
with Ln3+ cations in DMF, the conductimetric titration curves showed less sharp 
breaks and smaller changes in the conductance units upon complexation ( - 1 2  
conductivity units in some cases) than those in CH3 CN (-140 conductance units in 
some cases) (see Section 3.3.6). This observation clearly indicates the weaker 
complexation process in DMF relative to that in CH3CN. It demonstrates the medium 
effect on the complexation process of these systems.
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Fig. 3.53: Conductimetric titration curve for the complexation of Gd3+ with L5 in DMF at 
298.15 K
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Attempts were made to obtain suitable crystals for X-ray diffraction studies of the 
studied ligands and their complexes. The results obtained from X-ray crystallographic 
studies are now discussed.
3.4. X-ray crystallography studies.
3.4.1. X-ray crystallographic data for {tetrakis [l-(ethyl) morpholine]-oxyl}-p- 
fert-butylcalix[4]arene, L I.
Two structures of L I recrystallised from N, A-dimethylformamide, DMF, were 
solved by X-ray crystallography (shown in Fig. 3.54). Crystallographic data for these 
compounds are included in Tables 4.1- 4.3 in Appendix 4. As shown in Fig. 3.54, the 
structure for L I from two independent crystals presented the same distorted ‘cone’ 
conformation exhibited by a whole variety of /?-ter/-butylcalix[4]arene derivatives 
[80, 98]. However, there was a slight difference in the geometry o f L I to the normal 
distorted conformation, in which it had a squashed conical calix conformation. As 
seen in Fig. 3.54, the two phenyl rings were found to be positioned away from each 
other causing the corresponding ethereal oxygen atoms in the -OCH 2N(CH2 ) 2 0  
pendent arms to move toward one another in the lower rim (in the hydrophilic cavity). 
The other phenyl pair of rings are parallel to each other and their ethereal oxygen 
atoms are moved away from the cavity.
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Fig. 3.54: The X-ray structure of {tetrakis [ 1 -(ethyl) morpholine]-oxyl}-p-tert- 
butylcalix[4]arene recrystallised from N, jV-dimethylformamide
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3.4.2. X-ray crystallographic data for {tetrakis [l-(ethyl) piperidene]-oxyI}-/?-fer/- 
butylcalix[4]arene, L2.
The structure of L2 recrystallised from DMF was established via X-ray 
crystallographic studies and shown in Fig. 3.55. The determined intratomic bond 
distance (A) and the bond angels (°) for this L 2  structure are included in Tables 5.1- 
5.3 Appendix 5. In Fig. 3.55, the structure for L2 presents a distorted ‘cone’ 
conformation which is intermediate between the extremely squashed form o f calix 
observed by a variety of uncharged />-fert-butylcalix[4]arene derivatives and the high 
symmetric ‘cone’ conformation form of calix found in the parent compound and in 
some of the ions complexes of p-tert-butylcalix[4]arene derivatives [73, 80, 98]. 
However, the symmetry in the pendant arms is clear from Fig. 3.55, which shows that 
L2 provides a potential cavity for the metal cation encapsulation.
Fig. 3.55: The X-ray structure o f  {tetrakis [l-(eth yl) piperidine]-oxyl} -p-tert- 
butylcalix[4]arene recrystallised from N, A-dimethylformamide
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3.4.3. X-ray crystallographic data for {di- [methylcarbamyl] ethoxyl di- 
hydroxyl}-/?-terf-butylcaIix[4]arene, L4.
The X-ray structure of L4 recrystallised from DMF and C H 3 C N  had the same 
structure as shown in Fig. 3.56 [180, 181]. The solved X-ray structure o f the ligand 
uncovered the formation of a complex between this ligand and a solvent molecule via 
its hydrophobic cavity in these two media. This interesting behaviour of L4 might 
indicate the size suitability of its hydrophobic cavity to encapsulate solvent 
molecules. Furthermore, the structure of this ligand revealed its perfect ‘cone’ 
conformation in its solid state and the symmetry of its lower rim. Assuming a similar 
ligand geometry is exhibited in the solid state and in solution, it can be said that the 
conical shape of the L4 hydrophilic cavity might suggest the cavity suitability for 
metal cation encapsulation in solution.
Fig. 3.56: The X-ray structure of {di- [dimethylcarbamyl] oxyl di-hydroxyl}-p-tert- 
butylcalix[4]arene, L4, recrystallised from N, A-dimethylformamide.
Furthermore, the data for this ligand appear to explain its high melting point 
character. Indeed, this ligand showed a melting point 486 - 489 °C, which is higher 
than that of the parent />-fert-butylcalix[4]arene (430 °C) [80]. This observation is to 
be attributed to hydrogen bond formation between the remaining two hydroxyl groups 
in the lower rim of L4 as reflected in the solid state structure of this ligand (Fig. 3.56).
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3.4.4. X-ray crystallographic data for the {tetrakis [tetraacetamide] oxyl}-p-tert- 
butylcalix[4]arene, L5.
Fig. 3.57 (a) shows the X-ray structure of L5 that was recrystallised from 
DMF [180-181]. This latter structure of L5 reveals a different geometrical 
arrangement to that reported in the literature [109] recrystallised from ethanol as 
observed in Fig. 3.57 (b). In comparison to the X-ray structure of L5 solved from 
ethanol (Fig. 3.57 (b)), it is clear that the solved structure of L5 from DMF (Fig. 3.57
(a)) is adopting a more symmetrical conformation and that the C=0 ligand groups are 
pre-organised (slightly turned onward the hydrophilic cavity). This observed pre­
organisation behaviour of L5 in this medium is expected to provide better 
complexation environment for the metal ions.
%
(a) (b)
Fig. 3.57: The X-ray structures o f {tetrakis [tetraacetamide] oxyl}-/?-fer/-butylcalix[4]arene, 
L5, recrystallised from N, iV-dimethylformamide (a) and from ethanol (b).
Chapter 3 * 136
3.4.5. X-ray crystallographic data for the protonated L I and L2 complexes.
Attempts to obtain complexes of L I and L2 with Gd3+ and Ho3+ cations have 
resulted in crystals that when solved by X-ray crystallography yielded a structure of 
the protonated ligands (proton bonded to their nitrogen donor atoms), which were 
complexed with a molecule of acetonitrile via their hydrophobic cavity.
The structure of the protonated ligand, L I, complexing with acetonitrile via the 
hydrophobic cavity is shown in Fig. 3.58 (Tables 6.1 and 6.2 in Appendix 6 ). 
Compared to the resolved X-ray structure of the free ligand (see Section 3.4.1), that 
for the protonated L I exhibits a more symmetric conical shape while hosting an 
acetonitrile molecule in its hydrophobic cavity. As seen in Fig. 3.58, the hydrophilic 
cavity (hence the pendant arms) exhibits a symmetric ‘cone’ conformation around the 
calix axis, defining a conical tube whose diameter increases towards the terminal 
protonated morpholine ring. This is partially due to H-bonding interaction o f the 
protonated nitrogen on the - 0 (CH2)2NH+(CH2 ) 4 0  pendant arms within and at the 
periphery of the hydrophilic pocket. This promoted the symmetric opening o f the 
calix and its subsequent filling with an acetonitrile solvent molecule to form a 
molecular complex
03 j 0 2
,N3
Nl
(A) Superior inferior view (B) Lateral view
Fig. 3.58: The X-ray structure of the protonated {tetrakis [ 1 -(ethyl) morpholine]-oxyl}-p-fer/- 
butylcalix[4]arene derivative recrystallised from acetonitrile (CF3S03 anion).
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As far as L2 is concerned, the X-ray structure of the protonated ligand crystal 
was solved and the crystallographic data are included in Appendix 6 . The intratomic 
bond distances and the bond angels for the solid structure of the protonated L2 
complexed with CH3CN are included in Tables 6.3 and 6.4, respectively. The 
molecular structure solved for the protonated L2 revealed that the calix adopts a 
slightly distorted ‘cone’ conformation (see Fig. 3.59), which is intermediate between 
the extremely squashed form observed in a variety o f uncharged p-tert- 
butylcalix[4]arene derivative and the highly symmetric ‘cone’ conformation found in 
the parent /?-fer/-butylcalix[4]arene [28]. The four protonated piperidine groups are 
involved in five N-H..O bonds with the CF3 SO3 ' ions at the entrance o f the periphery 
of the hydrophilic cavity. As shown in Fig. 3.59, the protonated ligand forms a 
complex with an acetonitrile molecule that sits in the hydrophobic cavity. These data 
shows the calixarene ‘allosteric effect’, in which the cavity conformation is mainly 
determined by lower rim ionic interactions. Hence, protonation o f the L2 pendant 
arms alters its hydrophobic cavity conformation allowing it to encapsulate a molecule 
o f acetonitrile.
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Fig. 3.59: The X-ray structure of the protonated (Tetrakis [ 1 -(ethyl) piperidine]-oxyl}-p-fer/- 
butylcalix[4]arene derivative recrystallised from acetonitrile (and CF3 SO3 anion).
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In conclusion, despite the unsuccessful attempt to obtain the crystal structure of 
lanthanide(III) complexes of these ligands, the crystal structure of the protonated 
ligands reveals the very interesting ‘allosteric effect’, in which coordination changes 
in one section of the ligand is induced by modification in another separate part o f this 
ligand. Thus, it can be said that protonation in the ligand lower arms altered the 
opening of their hydrophobic cavity, making it suitable to encapsulate a molecule of 
solvent. This behaviour demonstrated the influence of interactions taking place at the 
hydrophilic cavity of these ligands on their calix conformation (hence their 
interaction) of its hydrophobic cavity.
This information indicates the strong susceptibility of the amine systems to
protonation and emphasises the necessity for strict drying conditions of the salt, the 
solvent and the ligand when working with these systems.
Following the research outlined in the introduction of this Chapter, having 
established the composition of the metal-ion complexes in solution and the optimum 
experimental conditions for the formation of these complexes, the next step involves 
the thermodynamic characterisation of the complexation process involving 
macrocyclic ligands and trivalent cations in dipolar arprotic media.
3.5. Therm odynam ic studies.
Both ]H-NMR and conductance measurements suggested the formation o f 1:1 
[Ln3+]/[L] complexes with most of the ligands and Ln3+ cations in C H 3 C N  at 298.15 
K. Thus, thermodynamic data for these systems refer to the process described by eqn. 
3.1:
Ln3+ (s) + L (s) ---- ^ — ► Ln3+ L (s) (eqn. 3.1)
Thus, the definition of the thermodynamic stability constant expressed in terms of 
activities, a, is given by eqn. 3.2.
K s (eqn. 3.2)
a,__ 3+.ar
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However, assuming relatively dilute solutions in which case the activity coefficient of 
the neutral ligand is close to unity and the activity coefficients of the metal-ion and 
the metal-ion complex are similar, the stability constant, Ks, for the complex 
expressed in terms of concentrations is given in eqn. 3.3.
[Ln^L] 
[.Ln3+][L]
Ks = (eqn. 3.3)
Moreover, techniques for determining the stability constant of a neutral ligand and 
metal cations can be divided into two categories [152, 156]:
1- Methods that are dependent on the concentration of the species in solution 
such as calorimetry, conductimetry and spectrophotometry.
2- Methods that are dependent on the logarithm of concentration such as 
potentiometry.
As described in the Experimental Part (Section 2.3.4), the suitability o f these 
techniques for characterising quantitatively the strength of complexation (stability 
constant) is largely dependent on the magnitude of the stability constant, log Ks [58, 
156, 183]. Thus, preliminary potentiometric measurements were initially carried out 
in order to determine the range of log Ks values of macrocyclic ligands and trivalent 
cations in solution. The following Section discusses the determination of log Ks of 
trivalent cations complexes in the appropriate media using the potentiometric method. 
Later Sections deal with the determination of log Ks values for these complexes using 
other appropriate methods. These methods include: UV-spectrophotometry, 
microcalorimetry and conductance measurements.
Danil de Namor and Jafou [25] have reported the unsuitability of macrocalorimetric 
titrations for determining the stability constant of complexes between macrocycles and 
lanthanide cations due to the slow kinetics of their binding process. However, the 
microcalorimetric titration overcomes this limitation by being able to follow 
kinetically slow processes. When relatively strong complexes are formed, competitive 
microcalorimetry can be used. In general, titration microcalorimetry is an ideal 
method for characterising complexations processes in solution since it simultaneously 
allows the determination of log Ks and enthalpy changes for these reactions from a
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single titration experiment, which is an accomplishment unmatched by other methods 
[156, 187]. Hence, the thermodynamic parameters (i.e. standard Gibbs energies, AcG°, 
enthalpies, ACH°, and entropies, ACS°) of the complexation involving macrocycles and 
Ln3+ cations in the appropriate medium could be established via titration 
microcalorimetry [187].
The following Sections deals with the characterisation of the complexation processes 
taking place in the investigated systems via the following methods: competitive 
potentiometry, UV-spectrophotometry and titration microcalorimetry.
3.5.1. Potentiometric titration studies.
Potentiometry is one of the most accurate methods for the determination of 
metal-ion activities, even if low concentrations are involved. The competitive 
potentiometric titrations carried out in this work uses the silver electrodes as described 
in the Experimental Section (Section 2.3.4.). This method was used to determine the 
stability constants, log Ks, for the trivalent cations complexes formed with L I, L2, L4 
and L5 in CH3CN at 298.15 K. In DMF only L5 was found to form complexes with 
the lanthanides and the silver cations. Thus log Ks values for the latter system in this 
medium was also determined via this method.
As far as log Ks values for the Ag+L3 and the Ag+L 6  complexes in CH3 CN at 298.15 
K, these were found to be relatively low (2.66 ± 0.02 and 2.74 + 0.03 respectively) 
which indicate the formation of weak complexes in this solvent. As a result, 
competitive potentiometric titration experiments using silver electrodes were not 
suitable for these systems. Thus, the determination of log Ks value for Ln3+L3 and 
Ln3+L 6  complexes will be established via other methods (i.e. UVspectrophotometry 
and/or microcalorimetric titrations studies).
As described in Section 2.3.4.1., the potentiometric titration experiment involves three 
steps. The first step was the calibration o f the electrode to ensure that nemstion 
behaviour (eqn.3.4) was observed [156]. The following Section includes a typical 
example of such procedure. The second step involves the complexation between 
ligands with silver and the third step involves the competitive reaction between 
trivalent cations and the silver complex in solution are discussed in Sections 3.6.1.1 
and 3.6.1.3, respectively.
Chapter 3 141
3.5.1.1. Determination of the standard potential, E°, of the electrochemical cell in 
acetonitrile a t 298.15 K.
This determination was carried out through the addition of a silver solution o f a 
known concentration to a solution of tetra-«-butylamononium perchlorate, TBAP, in 
CH3 CN at 298.15 K. At least 12 additions were performed. This was accomplished by 
performing a linear regression (using least squares) of the potential o f the cell, E, 
against the logarithm of the concentration of silver ion, log [Ag+]. The standard 
potential was then calculated using the Nemst equation as expressed in terms o f the 
log [Ag+] in the following equations,
(eqn. 3.4) 
(eqn. 3.5)
Table 3.9 includes the response of the silver electrode during the calibration 
experiment. Fig. 3.60 shows the corresponding curve. The electrode potential was 
evaluated from the slope and intercept of the Nemst equation. Plotting these values 
led to a straight line with a slope of 0.059 V, which is in agreement with the 
theoretical value expected for univalent cations at 298.15 K [182].
The second step in the determination of the stability constant by competitive 
potentiometric titrations was to establish the log Ks values for the complexes of the 
appropriate ligand with the Ag+ cation in solution. The following Section includes an 
example of such procedure to determine log Ks values for the Ag+L complex in this 
medium.
E = E° + -----2.303 log [Ag+]
nF
= E° + 0.0591 log IAg+]
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Table 3.9: Potentiometric data points used to determine E° of the electrochemical cell in
CH3CN at 298.15 K
-log [Ag+] mV
4.96 -142.4
4.79 -133.3
4.66 -125.9
4.57 -119.9
4.49 -115.2
4.43 - 1 1 1 . 2
4.37 -107.7
4.32 -104.8
4.27 - 1 0 2 . 0
4.23 -99.5
-100  -
-120  -
>
£  -140 - y = -59.25x + 151.13 
R2 = 0.9997
-160 -
-180
4.90 5.204.30 4.604.00
-log [Ag+]
Fig. 3.60: The potential, E, versus the negative logarithm of [Ag+] for the determination of the 
standard potential, E°, of the cell in CH3CN at 298.15 K
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3.5.I.2. Determination of log Ks values for the Ag+-L  complexes in CH3CN at
298.15 K
The determination of the stability constant for the Ag+L complex in CH3CN at
298.15 K was accomplished through stepwise additions of the investigated ligand 
solution to the reaction vessel containing the silver solution. Typical data for such 
procedure is shown in Table 3.10 for the interaction of L I with Ag+ in this medium. 
These data were used to determine the log Ks value for the Ag+L complex in this 
medium using calculation (Section 2.3.4.4.b.) via Microsoft Excel files.
Table 3.10: Data points of the potentiometric titration used for the determination of 
the stability constant (log Ks) value of the Ag+L l complex in CH3CN at 298.15 K.
[L ]/[A g+] mV
5.84 -179.6
5.54 -162.2
5.37 -151.4
5.24 -145.2
5.15 -139.6
5.07 -134.4
5.00 -130
4.94 -126.6
4.89 -123.3
4.80 -117.9
The log Ks values for Ag+L l, Ag+L2, Ag+L4 and Ag+L5 complexes in 
acetonitrile at 298.15 K had the values of 3.57 + 0.02, 2.95 + 0.11, 3.55 ± 0.02 and 
5.95 ± 0.06, respectively. These determined values are the average o f at least 12 
experiments. The established log Ks values for these systems indicate the formation of 
complexes with relatively moderate strength in this medium. These obtained values 
are suitable for performing the competitive potentiometric titration to determine log 
Ks values for the investigated Ln3+L complexes in this medium. The data for these 
studies are now discussed.
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4^-3.5.I.3. Determination of log Ks values for the Ln L I complexes in CH 3 CN at
298.15 K  by potentiometry.
The competitive potentiometry experiment was carried out to estimate the log 
Ks values for the 1:1 [Ll]/[Ln3+] complexes in CH3CN at 298.15 K. Titrating the Ln3+ 
cations salts to the reaction vessel to compete with the Ag+ cations for the ligand
caused a change in the potential around the end-point. These potential readings were
*2 »
then used to determine the log Ks values for the Ln L I complexes in this medium via 
the calculations described in Section 2.3.4.4.C. The log Ks values (Table 3.11) 
established for all o f the 1:1 Ln3+-L l complexes in this medium were relatively 
similar to each other and ranged from 4.37 to 4.63. These log Ks values indicate the 
formation of complexes with relatively moderate strength. Furthermore, the data also 
suggest absence of a selective interaction between L I and Ln3+ cation in this medium.
Table 3.11: Stability constant, log Ks, values for the Ln3+L l complexes in CH3 CN at 
298.15 K derived from competitive potentiometric titration studies.
Cation Ionic Radii (A) logK s
Sc(III) 0.79 4.48 ±0.01
Y(IH) 0.93 4.58 ±0.01
La(III) 0 . 8 8 4.37 ±0.02
Pr(III) 0 . 8 6 4.41 ±0.01
Nd(III) 1.06 4.49 ±0.01
Eu(III) 1 . 0 1 4.63 ± 0.02
Gd(III) 0.99 4.55 ±0.03
Since these log Ks values were within the scope of UV spectrophotometry, this 
technique was used subsequently to check the determined log Ks values for these 
complexes in this medium. The data of these UV measurements are included in a later 
Section (Section 3.5.2.1.).
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3.5.I.4. Determination of log Ks values for the Ln3+L2 complexes in C H 3 C N  at
298.15 K by potentiometry.
Competitive potentiometric titration experiments were carried out in order to 
determine the log Ks values for the Ln3+L2 complexes in CH3CN at 298.15 K and the 
results are included in Table 3.12. These log Ks values were found to range from 3.62 
to 3.83 thus indicating the formation of relatively weaker complexes in comparison to 
those of Ln3+L l complexes in this medium (Table 3.11). This could be partially 
attributed to the presence of two donor atoms in the morpholine group (O, and N) in 
L I relative to only one donor atom in the piperidine group (N) in L2.
In general, these log Ks values suggested absence of significant selectivity in the 
interaction of this ligand with these cations in this medium. Similar unselective 
behaviour in the interaction of the parent or some />-terr-butylcalix[4]arene derivatives 
with the lanthanide cations was reported in the literature [4], and was explained in 
relation to the relative similarities in the size of lanthanide cations.
Table 3.12: Stability constant, log Ks, values for the Ln3+L2 complexes in CH3CN at 
298.15 K derived from competitive potentiometric titration studies.
Cation Ionic Radii (A) logK s
La(III) 0 . 8 8 3.70 ±0.03
Nd(III) 0 . 8 6 3.70 ± 0.04
Pr(III) 1.06 3.72 ±0.02
Eu(III) 1 . 0 1 3.76± 0.05
Gd(III) 0.99 3.64 ±0.02
Tb(III) 0.95 3.62 ±0.04
Ho(III) 0.94 3.66 ±0.01
Er(III) 0.92 3.71 ±0.01
Yb(III) 0.89 3.73 ± 0.02
Sc(III) 0.72 3.66 ±0.04
Y(IH) 0.93 3.83 ±0.03
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3.6.I.5. Determination of log Ks values for the Ln L4 complexes in CH 3 CN at
298.15 K  by potentiometry.
Competitive potentiometric titrations studies were carried out to determine log 
Ks values for Ln3+L4 complexes in C H 3 C N  at 298.15 K and the data are tabulated in 
Table 3.13. As shown in this Table, it was not possible to determine the log Ks values 
for the first three Ln3+L4 complexes (La3+, Pr3+ and Sc3+) due to the insignificant mV
3"f* ^changes observed when these Ln cations were added to the Ag L4 complexes 
contained in the solution. This might suggests that the log Ks values for these 
Ln3+complexes (La3+, Pr3+ and Sc3+) are similar to that for the Ag+L4 complex in this 
medium.
In general, the established log Ks values (Table 3.13) indicate the formation of 
relatively weak to moderate complexes in C H 3 C N  at 298.15 K. Again these values 
(Table 3.13) reveal the absence of significant L4 selectivity for these cations in this 
medium. Indeed, only an insignificant change of 0.23 log units was found between the 
high log Ks value (4.17 for Gd3+) and the relatively low log Ks value (3.95 for Nd3+) 
for this ligand interaction in C H 3 C N  at 298.15 K.
Table 3.13: Stability constant, log Ks, values for the Ln3+L4 complexes in CH3CN at 
298.15 K derived from competitive potentiometric titration studies.
Cation Ionic Radii (A) log Ks
Y(IH) 0.93 4.09 ±0.04
Nd(III) 0.99 3.95 ±0.05
Eu(III) 0.95 4.16 ±0.01
Gd(III) 0.94 4.17 ±0.02
Tb(III) 0.92 4.10 ±0.01
Ho(III) 0.89 4.04 ±0.01
Er(III) 0 . 8 8 4.00 ± 0.02
Yb(III) 0 . 8 6 3.92 ±0.04
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3.6.1.6. Determination of log Ks values for the Ln 3+L5 complexes in CH 3 CN at
298.15 K  by potentiometry.
Table 3.14 includes the log Ks values for the Ln3+L5 complexes in CH3CN at
298.15 K by competitive potentiometric titrations. As observed in Table 3.26, L5 was
■j i
able to form relatively strong Ln L5 complexes in this medium, where these 
established log Ks values are greater than those obtained earlier for the Ln L4 
complexes in the same medium (Section 3.6.1.5.). These findings confirm the 
suggested interpretation made from conductance studies, since these revealed the
n 1
behaviour of relatively strong complexes between L5 and Ln cations (Section
3.3.6.) relative to those for L4 and the same cations (Section 3.3.5.) in the same 
medium.
Another observation that can be deducted from Table 3.14 is the fact that the
3+complexation process involving L5 and the various Ln cations in this medium 
differentiated in terms of the stability constant values. Indeed, this observation is 
evident from a plot of log Ks values vs. the ionic radii of the trivalent metal cations 
(Fig. 3.61) [25, 168]. It can be seen from this figure, that despite o f the small variation 
in the Ln3+ cation sizes as assessed by their ionic radii, r, (from La3+; r = 1.06 A [4] to 
Yb3+; r = 0 . 8 6  A [4], the size variation is 0 . 2 0  A), L5 was able to interact selectively 
with these cations. In Fig. 3.61, a selectivity peak was observed for the middle 
lanthanide cations (Tb3+ and Gd34) relative to the first and the last lanthanide cations 
(La3+and Yb3+ respectively). Additionally, Table 3.14 reveals a change in stability of 
about 1.33 log units between the weakest (log Ks of La3+L5 = 4.80) relative to that for
3+the strongest (log Ks of Gd L5 = 6.13) lanthanide(III) complexes. This selectivity 
peak could be explained in terms of a change in coordination number at or around the 
Gd3+ cations or due to the lanthanide contraction effect [168, 4-6].
Despite the reported similarity in the complexation process between Y3+ and middle 
Ln3+ cations [4, 103, 168], the established log Ks value for the Y3+L5 complex (log Ks 
= 4 .6 8 ) did not resemble those for the middle lanthanide cations complexes in this 
medium. On the contrary, the log Ks value for Y3+L5 complex was closest to the first 
Ln3+ cations (La3+L5 and Pr3+L5 complexes; log Ks = 4.80 and 5.07, respectively) and 
to the last Ln3+ cations (Yb3+L5 complex; log Ks = 4.91). The Sc3+L5 complex on the 
other hand has the lowest log Ks value (= 4.65), with a change
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Table 3.14: Stability constant, log Ks, values for the Ln3+L5 complexes in CH3 CN at 
298.15 K derived from competitive potentiometric titration studies.
Cation Ionic Radii (A) log Ks
Y(IH) 0.93 4.86 + 0.02
Sc(III) 0.72 4.65 ± 0.03
La(III) 1.06 4.80 ± 0.04
Pr(III) 1 . 0 1 5.07 ± 0.03
Nd(III) 0.99 5.83 ± 0.03
Eu(III) 0.95 5.60 ± 0.04
Gd(III) 0.94 6.13 + 0.04
Tb(III) 0.92 5.98 ±0.02
Ho(III) 0.89 5.68 + 0.02
Er(III) 0 . 8 8 5.70 + 0.03
Yb(III) 0 . 8 6 4.91+0.04
6.5 
6
5.5
bfl O
J  5
4.5 
4
0.7 0.8 0.9 1 1.1
Ionic Radii (A)
Fig. 3.61: A plot of the log Ks values for the Ln3+L5 complexes in CH3CN at 298.15 K vs. the 
ionic radii of the trivalent metal cations
♦Eu'
♦  Pr'
♦ y 3+
♦  Sc3+
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of 1.48 log Ks units from the strongest complex (i.e. Gd3+L5 complex). The low log 
Ks values for the Sc3+ cation and L5 in comparison to those for Ln3+ cations has been 
reported in the literature [4-6, 168] and was attributed to its relative small size (r = 
0.72 A [4]).
3.5.I.7. Determination of log Ks values for the Ln3+L5 complexes in DMF at
298.15 K by potentiometry.
L5 was able to form a complex with the Ag+ cation in DMF at 298.15 K. 
Thus, competitive potentiometric titrations were carried out to establish the log Ks 
values for the Ln3+L5 complexes in this medium and the results are included in Table 
3.15.
As shown in Table 3.15, the determined log Ks values for these complexes in DMF 
are lower than those in C H 3 C N  (Table 3.14). The protophilic dipolar aprotic nature of 
DMF made it a good cation solvator and therefore the complex stability in this solvent 
decreased [185-186]. This statement is corroborated by the single-ion enthalpies of 
transfer for the free trivalent cations (data based on Pt^AsPIuB convention) from 
C H 3 C N  to DMF, which are negative [186]. A comparison between the cation sizes 
versus log Ks values for the metal-ion complexes in DMF and C H 3 C N  is shown in Fig 
3.62 [168]. In this figure, the selective behaviour of L5 towards lanthanide (III) 
cations was seen to be maintained in both media. However this selectivity was greatly 
reduced in DMF. This observation indicates the effect of the media of interaction on 
the complexation process of these systems. Whether this is mainly attributed to the 
free cation, and/or ligand, and/or the metal-ion complex remains to be investigated.
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Table 3.15: Stability constant, log Ks, values for the Ln3+L5 complexes in N,N- 
dimethylformamide at 298.15 K derived from competitive potentiometric titration studies.
Cation Ionic Radii (A) log Ks
Y(IH) 0.93 4.78 ± 0.05
Sc(III) 0.72 4.37 ±0.06
La(III) 1.06 4.53 ± 0.04
Pr(III) 1 . 0 1 4.70 ± 0.02
Nd(III) 0.99 4.99 ± 0.05
Eu(III) 0.95 5.00 ±0.02
Gd(III) 0.94 5.12 ±0.01
Tb(III) 0.92 5.06 ±0.03
Ho(III) 0.89 4.97 ±0.01
Er(III) 0 . 8 8 4.92 ±0.04
Yb(III) 0 . 8 6 4.67 ± 0.05
6.5 i
bJ)O
5.5
5 -
4.5
0.80
♦ L5 (DMF)
a L5 (CH3CN)
.3+
.3+
3+ H O - 3
.3+
.♦ La3+
0.85 1.05 1.100.90 0.95 1.00
Ionic radii (A)
Fig. 3.62. Comparison between log Ks values for Ln3+L5 complexes in CH3CN at 298.15 K 
vs. the ionic radii of the Ln3+ cations.
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As far as the medium effect is concerned, the selective behaviour of L5 is 
undoubtedly more pronounced in CH3CN than in DMF. Thus in Fig. 3.63 the
K  (CH CN)selectivity factor for each cation in these two solvents ( S  = ——---- -----  ) is plotted
KS(DMF)
against the ionic radii o f the cation. These data show that in moving from DMF to
| *7 1
CH3CN there is an increase in S  from Yb to Gd and then a decrease from the latter 
to the La3+ cation. The various factors controlling the selectivity enhancement 
observed in CH3CN relative to that in DMF was previously reported by Jafou [25-26] 
for a similar ligand.
12
10
S 6
0.8
Gd3+
0.9
r(A)
-3+t
♦  La3+
1.1
Fig. 3.63. Plot of the selectivity factor (S) of Ln L5 complexes in CH3CN relative to DMF at
298.15 K vs. the ionic radii of the Ln3+cations.
3.5.2. UV spectrophotometric titration studies.
The UV spectrophotometric titration experiments were applicable to establish 
the log Ks values for the Ln3+ complexes formed with L I, L2, L3 and L4 in C H 3 C N  
at 298.15 K. The UV spectrophotometric technique has limitations in that log Ks 
values greater than 5 cannot be accurately determined by this technique [156]. Thus 
the formation of strong complexes between L5, L 6 , L7 and Ln3+ cations in this 
medium prevented the determination of log Ks values by this method.
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3.5.2.I. Determination of log Ks values for the Ln3+L l complexes in CH 3 CN at
298.15 K  by UV spectrophotometry.
Using the data collected from UV spectrophotometric (UV) titration studies 
[152, 156] for the investigated 1:1 Ln3+L l complexes in CH3CN at 298.15 K, their log 
Ks values were determined and their data are shown in Table 3.16.
Generally speaking the data reveal that unlike potentiometric measurements, the log 
Ks values obtained via UV titration showed a relatively larger standard deviation. This 
factor is attributed to the inherent limitation of this method. However, despite this 
drawback the UV titration method represent an easy, correct method to establish log 
Ks values. However, the values obtained from the UV spectrophotometry method 
(Table 3.16) agree with those obtained earlier via the competitive potentiometry 
method (Table 3.11). As concluded earlier from log Ks values derived from 
competitive potentiometry (Table 3.11), UV spectrophotometry (Table 3.16) also
o 1
concluded the absence of selectivity in the interaction of L I with Ln cations m 
CH3CN at 298.15 K.
Table 3.16: Stability constant (log Ks) values for Ln3+L l complexes in C H 3 C N  at 
298.15 K derived from UV spectrophotometry.
Cation Ionic Radii (A) log Ks
Sc(III) 0.79 4.42 ± 0.06
Y(IH) 0.93 4.52 ± 0.04
La(III) 0 . 8 8 4.32 ±0.15
Pr(III) 0 . 8 6 4.38 ± 0.04
Nd(III) 1.06 4.58 ±0.06
Eu(III) 1 . 0 1 4.58 ± 0.06
Gd(III) 0.99 4.58 ±0.13
3.5.2.2. Determination of log Ks values for the Ln L2 complexes in C H 3 C N  at
298.15 K  by UV Spectrophotometry.
UV titration experiments were performed to determine the log Ks values for 
the Ln3+L2 complexes in CH3CN at 298.15 K and the results are included in Table
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3.17. As noted earlier, the measurements obtained via this method agree with those 
values obtained earlier by competitive potentiometry (Table 3.12) in this medium. 
Again the data in Table 3.17 indicated the formation of weaker Ln3+ complexes with 
L2 than those formed with L I in this medium. This indicates the effect of the nature 
of the amine substituent (piperidine in the former relative to morpholine in the latter) 
in the lower rim of calix[4]arene on the complexation strength o f these systems with 
these cations in this medium. In addition, no evidence o f selectivity could be drawn 
from these data, since the log Ks values for Ln3+L2 complexes in this medium are 
relatively similar to each other.
I
Table 3.17: Stability constant, log Ks, values for Ln L2 complexes in CH3CN at
298.15 K derived from UV spectrophotometry.
Cation Ionic Radii (A) log Ks
Y(IH) 0.93 3.80 ±0.19
Sc(III) 0.72 3.75± 0.09
La(III) 1.06 3.78 ±0.14
Pr(III) 1 . 0 1 3.75 ±0.9
Nd(III) 0.99 3.69 ±0.07
Eu(III) 0.95 3.79 ± 0.05
Gd(III) 0.94 3.58 ±0.17
Tb(III) 0.92 3.66 ±0.10
Ho(III) 0.89 3.70 ±0.09
Er(III) 0 . 8 8 3.79 ±0.07
Yb(III) 0 . 8 6 3.77 ±0.06
3.5.2.3. Determination of log Ks values for the Ln3+L4 complexes in CH3CN at
298.15 K by UV spectrophotometry
UV spectrophotometric titration experiments were performed in CH3CN at 
298 K with the aim of determining log Ks values for the Ln3+L4 complexes. A study 
performed to explore the interaction of L4 with metal cations concluded that among 
all of the metal cations L4 was able to form 1:1 [M]/[L] complexes only with Hg2+, 
Li+, Ag+ and Pb2+ cations in CH3CN at 298.15 K [188]. From a comparison point of 
view, the UV investigation was extended to include the complexation of L4 and these
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latter metal cations in this medium. The established log Ks values for the metal-ions 
complexes are tabulated in Table 3.18.
The log Ks values by UV spectrophotometry agree to a certain extent with those 
values determined by competitive potentiometric titrations. Again, it is noted that in 
contrast to the log Ks values obtained by potentiometric measurements (Table 3.13), 
UV spectrophotometric measurements were associated with higher standard deviation 
but still within acceptable experimental variation. This factor could be related to the 
delicacy of the UV spectrophotometry experimental technique [156].
As discussed earlier in competitive potentiometric titrations (Section 3.6.1.5), log Ks 
values for the Ln3+L4 complexes (Table 3.18) show no significant selectivity to 
certain Ln3+ cations in this medium. Similarly, L4 was not able to differentiate 
between Ln3+ cations and other cations on the basis of stability constant values. Thus, 
it is important to note that although L4 was able to select among the metal cations and 
form complexes only with Ln3+, Hg2+, Li+, Ag+ and Pb2+ cations in this medium, this 
ligand was not able to differentiate between these cations.
Table 3.18: Stability constant, log Ks, values for the Ln3+ L4 complexes in CH3 CN at 
298.15 K derived from UV spectrophotometry
Cation Ionic Radii (A) logK s
Y(IH) 0.93 3.97 ±0.08
Sc(III) 0.72 3.49 ±0.16
La(III) 1.06 3.64 ±0.10
Pr(III) 1 . 0 1 3.68 ±0.18
Nd(III) 0.99 3.90 ±0.06
Eu(III) 0.95 4.10± 0.09
Gd(III) 0.94 4.12 ± 0.12
Tb(III) 0.92 4.03 ± 0.8
Ho(III) 0.89 4.00 ±0.11
Er(III) 0 . 8 8 3.93 ±0.10
Yb(III) 0 . 8 6 3.85± 0.15
Pb(II) 1 . 2 0 3.73 ±0.18
Li(I) 0 . 6 8 3.70 ±0.21
Hg(H) 1.27 3.95 ±0.15
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3.5.2.4. Determination of log Ks values for the Ln 3+L3 complexes in C H 3 C N  at
298.15 K  by UV spectrophotometry
UV spectrophotometric titration experiments were performed in CH3CN at
o 1
298 K with the aim of determining log Ks values for Ln L3 complexes and these are 
tabulated in Table 3.19. It is recognised from log Ks values (Table 3.19) that these 
complexes are relatively stronger than those involving L4 and weaker than those for 
L5. It can be therefore concluded that Ln3+L3 complexes are moderately strong in this 
medium.
Despite of the reported selectivity of L3 for the sodium cation in C H 3 C N  at 298.15 K 
[161], the log Ks values for the Ln3+L3 complexes reveal the absence of selectivity for 
these Ln3+ cations in this medium. Thus, contrary to the fact that the ionic radius of the 
sodium (= 0.99 A [4]) is similar to that of Nd3+ (= 0.99 A [4]) and close to that of Gd3+ 
(=0.94 A [4]) and Eu3+ (=0.95 A [4]), a significant selectively for these cations was 
not evident. This observation might be related to the high coordination number 
required by the lanthanide cations in contrast to the sodium cation, which has an effect 
on the ligand encapsulation of these metal cations and hence leading to absence of 
selectivity [4-6].
Table 3.19: Stability constant, log Ks, values for Ln3+L3 complexes in CH3CN at
298.15 K derived from UV spectrophotometry.
Cation Ionic Radii (A) logK s
Y (HI) 0.93 4.47 ± 0.08
Sc(III) 0.72 4.43 ± 0.05
La(III) 1.06 4.45 ± 0.06
Pr(III) 1 . 0 1 4.56 ± 0.06
Nd(III) 0.99 4.58 ± 0.06
Eu(III) 0.95 4.83 ± 0.05
Gd(III) 0.94 4.83 ±0.06
Tb(III) 0.92 4.80 ± 0.05
Ho(III) 0.89 4.74 ± 0.07
Er(III) 0 . 8 8 4.74 ± 0.04
Yb(III) 0 . 8 6 4.70 ± 0.05
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3.5.3. M icrocalorimetric titration studies.
3.5.3.I. Determination of the thermodynamic param eters for the complexation 
process of Ln3+cations and L3 in CH 3 CN at 298.15 K  by microcalorimetry.
As far as the complexation of L3 and Ln3+ cations in C H 3 C N  are concerned, 
the data are referred to the process represented by eqn. 3.1.
Ln3+ (s) + L3 (s) ______________ ► Ln3+ L3 (s) (eqn.3.1)
For comparative purposes, Table 3.20 includes stability constants (log Ks values) 
derived from UV spectrophotometry and titration microcalorimetry for these 
complexes. Excellent agreement is found between the log Ks values obtained by these 
two different methods and the average of these values is used to calculate the ACG° 
values reported in Table 3.20. Additionally, Table 3.20 also contains the derived 
standard Gibbs energies, ACG°, enthalpies, ACH°, and entropies, ACS°, of complexation 
for these systems in this medium. The entropy values of these complexes were 
calculated from the following eqn.
. ACG° = ACH° -  T ACS° (eqn. 3.6)
Judging from the data in Table 3.20, it can be said that L3 is unable to recognise 
selectively between these cations in this solvent. This is apparent from the small 
variations in the complex stability of L3 and these cations. For example, the variation 
between the lowest log Ks value (La3+ = 4.50) and the highest log Ks values (Eu3+ = 
4.87) was only 0.37 log units, which is considered insignificant.
Moreover, it is known that the metal cation complexation usually results in 
desolvation of the ions, which leads to positive entropy change (ACS° > 0) reflecting 
the increase in the randomness of the system. Desolvation of the cation and the ligand 
would require energy (endothermic enthalpy; ACH° > 0) to disrupte ion-solvent, 
ligand-solvent and solvent-solvent binding. In contrast the interaction between the 
resultant desolvated cation and ligand has a negative enthalpy (ACH° < 0) contribution 
from the formation of the cation-ligand binding while their combination causes a 
decrease in the randomness of the system and results in a negative entropy (ACS° < 0)
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Table 3.20. Thermodynamic data for the complexation process between Ln3+ and L3 in 
acetonitrile at 298.15 K derived from titration microcalorimetry and UV 
spectrophotometry.
Cation+ 3 Ionic
Radii5
logK s ACG°
(kJ.mof1)
A CH° ACS°
(kJ.mof1) (J.K'1 .mol"1)
Y ( I H )
Sc(III)
La(III)
Pr(III)
Nd(III)
Eu(III)
Gd(III)
Tb(III)
Ho(III)
Er(III)
Yb(III)
0  9 3  4.47 ± 0.08a
> 4 .5 0  ±0.09' 4.52 ± 0.12 J
0.72 4.43 + 0 .0 5 a
4.49 ± 0.07 b
1.06 4.45 ± 0.06a
4.54 ± 0.10 b
1.01 4.56 + 0 .0 6 a
4.58 ± 0.08
0 . 9 9  4.58 + 0.06
4.63 ±0.10
0 . 9 5  4.83 + 0.05
4.90 + 0.15
0 . 9 4  4.83 +0.06 a
4.89 ± 0.07
0.92 4.80 ± 0.05a
4.88 ± 0.09
0.89 4.74 ± 0.07a
4.77 + 0.06
0.88 4.74 +0.04 a
4.75 ± 0.06 b
0.86 4.70 ±0.05°
-25.68 ±0.1 -2.9 ± 0.1 b 76
4.67 ± 0.05
j  4.46 ± 0 .0 6 c 
}• 4.50 ± 0.08c 
„ J - 4.57 + 0.07°
a
4.61 ±0.06°
a
„ J -  4.87 ±0.09° 
b j - 4.86 ±0.06° 
b f  4.84 ± 0 .0 7 c 
b J -  4.76 ±0.06°
a
5 y  4.75 ± 0.05c 
3" 4.69 ± 0.05c
-25.46 ±0.1 -5.0 ±0.1
-25.68 ±0.1
-26.10 ± 0 . 1
-150.6 ± 0.3 b 
-10.3 ± 0.1b
-27.77 ±0.1
-27.74 ±0.1
-27.63 ±0.1
-27.17 ±0.2
-80.1 ± 0 . 2  b 
-95.3 ± 0.1 b 
-125.5 ± 0 .1b 
-189.9 ± 0 .4 b
69
-419
53
-26.25 ±0.1 -141.0 ± 0 .2b -385
-176
-227
-328
-546
-27.11 ±0.1 -100.7 ± 0.3b -247
-26.77 ±0.1 -43.4 ± 0 .3b -56
aUV-Spectrophotometric titrations. 
bMicrocalorimetric titrations.
cAverage stability constant ( log Ks) obtained from UV spectrophotometric and 
microcalorimetric titrations.
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contribution. Therefore the observed overall changes associated with the 
complexation process reflect the sum of the opposed contributions of desolvation and 
cation-ligand binding. On the basis of enthalpy and entropy contributions to Gibbs 
free energy of complexation, the process can be either enthalpically (ACH° > T ACS°) 
or entropically (T ACS° > ACH°) controlled.
Concerning the variations in the enthalpy and entropy of the complexation processes 
involving Ln3+ and L3 in C H 3CH  at 298.15 K, it is concluded from Table 3.20 that the 
enthalpy data are almost fully compensated by the entropy values. This results in a 
striking enthalpy-entropy compensation effect as shown in Fig. 3.64 where the ACH° is 
plotted against ACS° for these systems. The linear relationship observed has a slope of 
297.9 K close to the experimental temperature of 298.15 K. While the intercept o f the 
fitted line is equal to the average ACG° = -26.26 ± 1.50 kJ mol'1. Danil de Namor and 
Jafou [25-26] previously reported similar compensation effect for other calix[4]arene 
derivatives and these cations in acetonitrile at 298.15 K. In addition, Choppin and co­
workers [138] has also reported the absence of selectivity between chelating agents 
and lanthanide(III) cations, as a result of similar entropy-enthalpy compensation 
effects. This effect was explained in terms of changes in solvation upon complexation 
of these systems.
A,H
0
-30
-60
-90
(kJ.mol' )_120
-150
-180
-210
-600
.3+
Eu:
Nd'
Slope = 298 K 
Intercept -26.83 kJ mol"1 
Correlation coefficient = 0.999Ho'
-500 -400 -300 -200 -100 100
ACS° (J. K^.mol’1)
Fig. 3.64. Plot of the standard entropy vs. the standard enthalpy of complexation for the 
Ln3+L3 complexes in CH3CN at 298.15 K.
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3.5.3.2. Determination of the thermodynamic parameters for the complexation 
process of Ln3+ cations and L5 in CH3CN at 298.15 K by microcalorimetry.
Table 3.21 lists the log Ks data for the Ln3+L5 complexes derived from 
titration microcalorimetry and competitive potentiometry in CH3CN at 298.15 K. 
Good agreement is found between the two sets of data. Thus, the average of these data 
were taken to calculate ACG° of these systems in this medium. Additionally, ACH°, 
and ACS° data for these processes are also included in Table 3.21.
Based on the observed log Ks values in Table 3.21, it can be said that lanthanide 
cations form stronger complexes with L5 than to those with L3 in the same medium. 
The lower basicity of the ketone, compared to the amide carbonyl groups, can explain 
the higher affinity o f Ln3+ cations for the amide derivatives. Among the lanthanide 
cations, log Ks values varies from 4.70 (La3+) to 6.12 (Gd3+) a difference o f 1.42 log 
units. As a result, it is evident from this finding that despite the small variation in the
3+
size of Ln cations as assessed by their ionic radii, L5 is able to interact selectively 
with these cations. The stability constant values exhibit a selectivity peak for the 
middle lanthanide (Gd3+) cation relative to other cations in this series. This 
corroborates the results obtained from competitive potentiometry (Section 4.5.1.2).
Fig. 3.65 is a plot of the stability constant for the Ln3+L5 complexes in CH3CN at
298.15 K obtained by microcalorimetry vs. the ionic radii of the Ln3+ cations [25, 
168]. Fig. 3.65 shows clearly the selective behaviour of this ligand for the middle 
lanthanide cations relative the first and last lanthanide cations. In addition, the
11
variation in complex stability vs. the Ln ionic radii has been reported to occur 
around Gd3+ in processes associated with the interaction with acetylacetone and 
carboxylic acids [4-6]. These observations in the interaction o f Ln3+ cations with 
chelating agents have been explained in terms of changes in the coordination numbers 
at or near the Gd3+cation [4-6, 168].
Generally, the increase in log Ks values from La3+ to Gd3+ observed in Fig. 3.65 could 
be partially related to the increase in the acidity of the lanthanide cations associated 
with the decrease in their cationic radii [6 , 168]. However, other factors must be 
invoked to explain the decrease in log Ks values after Gd3+ cation. One explanation for
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Table 3.21. Thermodynamic data for the complexation process between Ln3+andL5 in 
acetonitrile at 298.15 K derived from titration microcalorimetry and potentiometry.
Cation+3 Ionic 
Radii (A)
logKs ACS°
(kJ.mof) (kJ.mof ) (J.K~ .mof )
Y(III) 
Sc(III) 
La(III) 
Pr(III) 
Nd(III) 
Eu(III) 
Gd(III) 
Tb(III) 
Ho(III)
Er(III)
Yb(III)
0.93
0.72
1.06
1.01
0.99
0.95
0.94
0.92
0.89
0.86
4.86 + 0 .0 2 a
4.90 ± 0.04 
4.65 ± 0.03 
4.52 ± 0.02 
4.80 ± 0.04a
4.60 +0.05 b 
5.07 + 0 .03a 
5.03 +0.02 b 
5.83 + 0 .03a
5.60 +0.05 b
5.60 ± 0.04a
5.90 + 0.06 
6.13 ± 0.04a 
6 . 1 1  ± 0.06 b 
5.98 + 0 .02a
5.90 ± 0.04 
5.68 ± 0.02a
b}* 4.88 ± 0.02 d 
b j"4 .5 9 ± 0 .0 2 d 
J-4.70 + 0.04 d 
J-5.05 + 0.02 d 
J~5.72 ± 0.04d
b J" 5.75 ± 0.05 d
-27.8 + 0.2 -10.7 ±0.1
-32.6 ±0.2  -51.8 ± 0 .2 '
-33.6 ±0.2  -89.7 ±0.5
}6 . 1 2  ±0.05
b J"5.94 ± 0.02 d
-34.9 ± 0.2 
-33.9 ±0.4
5.69 ±0.07°
5.70 ± 0.03a 
5.62 ± 0.04 b 
4.91 ± 0.04a 
4.84 ± 0.03 b
y  5.69 ± 0.05 d 
}
j~4.88 ± 0.13
57
-26.1 ±0.1 -36.2 ± 0 .2b -33
-26.8 ±0.2 -147.1 ± 0.4 b -403
-28.8 ±0.5 -43.3 ± 0.3b -48
-64
■191
-77.9 ± 0.1b -144
-91.2 ± 0.4 -192
-32.4 ±0.2 -140.7 ± 0.2 b -363
5.66 ± 0.03 d -32.3 ±0.1 -98.2 ± 0.3 b -220
-26.8 ±0.5 -200.6 ± 0.5 b -583
a Competitive potentiometric titration. 
b Microcalorimetric titration.
d Average of log Ks values obtained from potentiometric and microcalorimetric 
titrations.
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Fig. 3.65. Plot of log Ks values for Ln L5 in CH3CN at 298.15 K vs. the ionic radii of Ln 
cations.
3+
this observed trend (Fig. 3.65) can be attributed to the lanthanide contraction, which 
increases the steric crowding in the light Ln3+ cation interaction coupled with their 
changes in coordination numbers (= 9 [4]). These factors might cause the observed
o 1.
first trend in Fig. 3.65, where an increase in the stability constant is found from La 
to Gd3+ cations. On the other hand, when the coordination number changes at Gd3+ 
from nine to eight [4], this crowding effect of the lanthanide contraction results in an 
increase of the cation acidity. Thus, this effect become more important than the steric 
crowding and hence the complex stability decreases from Gd3+ to Yb3+ [4, 6 ]. It also 
should be mentioned that the reported studies on L5 have concluded that the 
interaction of this ligand with metal cations is size dependent [109, 168, 189]. It could 
also be said that the observed selectivity peak among the Ln3+ cations might be 
partially attributed to the Gd3+ portraying the best size match (relative to the Ln3+ 
ionic radii) for the hydrophilic cavity of L5.
As stated before (Section 3.5.3.2), on the basis of enthalpy and entropy contribution to 
favourable Gibbs energy (negative values) there are two possible combination, i) for 
enthalpically controlled processes: ACH° < 0 > T ACS° or ACH° < T ACS° <0. ii) for 
entropically controlled processes: ACH° < 0 < T ACS° or T ACS° > AcH° > 0.
The thermodynamic parameters for Ln3+ cations with L3 (Table 3.20) were compared 
with corresponding data for L5 (Table 3.21). The data appears to indicate that along 
these cations Yb3+, Eu3+ and Pr3+ cations show more exothermicity (enthalpically 
more favoured) coupled by a loss in entropy as compared to L3. These findings
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indicate that the ligand binding process (ACH° < 0 / ACS° < 0) predominates over the 
cation desolvation (ACH° > 0 / ACS° > 0) upon complexation. The rest of the lanthanide 
cations show less exothermicity accompanied by a gain in entropy, thus suggesting 
that the cation, ligand or complex desolvation overcome the binding energy associated 
with the complexation process taking place in this medium. A plot of ACH° for the 
Ln3+L3 and the Ln3+L5 complexes in this medium vs. the cation radii (Fig. 3.66) is 
mirrored by the plot of the ACS° for the Ln3+L3 and Ln3+L5 complexes in this medium 
vs. the cation radii (Fig. 3.67). Inspection of these plots show that the complexes of
Yb3+, Eu3+ and PrJ^  cations with L3 form the three peaks of a iW ’ letter..3+
-20  -
-70 -
X -120  -
-170  -
-220
0.83 0.89 0.95 1.01 1.07
Ionic radii (A)
,3 + r  -1  j  T ~3+Fig. 3.66: Comparison between the values of ACH° for Ln L3 and Ln L5 complexes in 
acetonitrile at 298.15 K vs. the ionic radii of Ln3+cation.
100
-100
o£
li -300
&
<
-500 -
-700
0.83 0.89 0.95 
Ionic radii (A)
1.01 1.07
Fig. 3.67 Comparison between ACS° for Ln3+L3 and Ln3+L5 complexes in acetonitrile at
298.15 K vs. the ionic radii of Ln3+ cation.
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Moreover the complexation behaviour of L5 is quite close to a reported study by 
Danil de Namor and Jafou [15-16] involving an analogue calix[4]arene amide 
derivative, L 8 , (Fig. 3.68) containing di-isopropyl functional groups instead of diethyl 
groups attached to amide nitrogens. Thermodynamic data for the complexation 
process between Ln3+ cations and L 8  in C H 3 C N  at 298.15 K are included in Table 
3.22. In general, a considerable increase in stability is found in moving from L 8  to 
L5. Thus for a given Ln3+ cation, such as La3+, L5 is found to be more selective than 
L 8  by a factors of 1, 7, 24, 72, 3, 8 , 19, 11, 22 and 13 for Y3+, Sc3+, Pr3+, Nd3+, Eu3+, 
Gd3+, Tb3+, Ho3+, Er3+ and Yb3+ cations, respectively in C H 3 C N  at 298.15 K.
Fig 3.68: Schematic representation of the L8
Furthermore Fig. 3.69, provides a comparison between the log Ks values for the two 
calix[4]arene amide derivative (L5 and L 8 ) with Ln3+ cations in C H 3 C N  at 298.15 K 
plotted vs. the Ln3+ ionic radii. These data show the similar selective behaviour of 
these ligands for Ln3+ cations in this medium and clearly demonstrate the increase in 
the strength of complexation in moving from L 8  to L5. This might be partially due to 
the replacement of the di-isopropyl groups in L 8 , by the diethyl group in L5, and can 
be attributed to the less bulky group in the latter relative to the former group, which 
reduces the steric effect in the hydrophilic cavity of L5. Thus the latter macrocycle is 
conformationally more adjustable to embrace the cation. It is thus concluded that the 
nature of the alkyl groups attached to the amide nitrogens has a considerable effect on 
the complex stability.
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Table 3.22. Thermodynamic data for the process of complexation between Ln3+andL 8  
in acetonitrile at 298.15 K derived from titration microcalorimetry [26].
Cation Ionic Ks
Radii5 (A
ACG° ACH° ACS°
(kJ.mof1) (kJ.mof^ (J.K^.mof1)
Y(IH)
Sc(III)
Pr(III)
Nd(III)
Eu(III)
Gd(III)
Tb(III)
Ho(III)
Er(III)
Yb(III)
0.93 4.96 + 0.05 -28.3 + 0.3 -70.8 + 0.2
0.72 3.75 + 0.03 -21.4 + 0.2 -100.7 + 0.5
1.01 3.67 + 0.06 -21.0 + 0.3 -108.9 + 0.7
0.99 3.86 + 0.06 -22.0 + 0.3 -90.8 + 0.7
0.95 5.21+0.10 -29.7 + 0.6 -72.8 + 0.3
0.94 5.24+0.09 -29.9 + 0.5 -79.1 +0.6
0.92 4.66+ 0.06 -26.6 + 0.3
0.89 4.63+ 0.09 -26.4 + 0.5
0.88
0.85
4.29± 0.10 
3.78 + 0.04
-24.4 ±0.5 
-21.6 +  0.2
-101.7 ±  0.4 
-95.7 ±0.5
-81.2 ± 0 . 2  
-83.7 + 0.3
-142.6
-265.8
-294.9
-230.7
-144.4
-165.1
-252.1
-232.5
-190.4
-208.4
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Fig. 3.69. Comparison between the log Ks values for Ln3+L5 and Ln3+L8  complexes in 
CH3CN at 298.15 K vs. the ionic radii of Ln3+ cation.
Generally speaking, the complexation reaction consists of two steps: the desolvation 
and the binding process. The desolvation step is attributed to the removal of the 
solvent shell around the ligand and the metal cations. While the complexation step, is 
attributed to the combination of metal cation and ligand followed by bond formation. 
In terms of entropy changes, the disruption of the solvation shell is entropically 
favoured while the cation- ligand complexation is not entropically favoured. The 
comparatively greater change in entropy seen in L5 relative to L 8  suggests suggest 
that the solvation shell is disrupted to a lesser extent in L 8  compared to L5 upon 
complexation. This would explain the smaller changes in ACS° values for L 8  
complexes (ranged from -142 to -295 J.K^.mol’1) in comparison to that involving L5 
complexes (ranged from 57 to -583 J.K^.mol'1).
I
Unlike the enthalpically controlled reaction found for the Ln L 8  complexes the 
complexation of Ln3+ cations with L5 was found to be an entropically controlled 
reaction, similar to the complexes formed between this ligand and alkali-metal cations 
in this medium [25, 190].
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3.5.3.3. Determination of the thermodynamic param eters for the complexation 
process of Ln3+ cations and L7 in CH3 CN at 298.15 K  by titration 
microcalorimetry.
Microcalorimetric measurements for the complexation of L7 and Ln3+ cations 
have indicated the formation of a 2:1 [L]/[M] complex in CH3CN at 298.15 K. This 
was shown in the thermogram which indicates completion of the reaction at this ratio. 
Conductimetric titration experiments for these systems have also shown a small break 
at this ratio (see Section 3.3.8, Fig. 3.40). However, it should be noted that the 
interaction of one metal cation with a ligand unit caused a high variation in the 
mobility, thus obscuring identification of the small mobility change caused by the 
complexation of the second unit of ligand to the 1:1 metal-ion complex cation. The 
following equations break down the overall complexation process in this medium into 
two steps as demonstrated below (eqns. 3.7 and 3.8)
Ln3+ (s) + L7(s)   ► Ln3t L7(s) (eqn. 3.7)
T.n3+T.7(g)+ 1.7 (s) loS K s 2  ^  Ln3+L72 (s) (eqn. 3.8)
Combination of eqn. 3.7 and 3.8 led to eqn 3.9,
log Kov
Ln3+L7 (s) + 2 L7 (s)--------------------- ► Ln3+L72 (s) (eqn. 3.8)
The thermodynamic parameters associated with the complexation process (eqn. 3.7 
and 3.8) are investigated in detail to analyse the factors influencing the complexation 
of the Ln3+ cation with this ligand in this medium. The corresponding data are 
included in Tables 3.23, In this Table, log Ksi AcGi°, AcHi° and AcSi° refer to data for 
the first step (eqn. 3.7) while log KS2 , ACG2°, ACH2° and ACS2° refer to those for the 
second step (eqn. 3.8) in the complexation.
Inspection of log Ksi (hence AcGi°) value (Table 3.23) reveals a certain trend since 
those for the first Ln3+ cations (light Ln3+ cations) were higher than those for the last 
Ln3+ cation (heavy Ln3+ cations). On the other hand, data in Table 3.23 shows that the 
interaction of the second unit of ligand with the Ln3+-L7 complexes did not 
differentiate significantly in terms of stability constant, log KS2 , (hence ACG2°).
Ta
ble
 
3.
23
: 
Th
er
m
od
yn
am
ic
 
da
ta 
for
 t
he 
co
m
pl
ex
at
io
n 
pr
oc
es
s 
be
tw
ee
n 
Ln
3+
an
dL
7 
in 
C
H
3C
N
 
at 
29
8.1
5 
K 
de
riv
ed
 
fro
m 
tit
ra
tio
n 
m
ic
ro
ca
lo
rim
et
ry
.
r-vo
cno
< 1
O
a 00 cn n - 00 r - 00 OCN 0 m r — 1 N" i n vo 0
CN cn cn i n i n CN *—< 1
ko
< 1
00
o
+1
cnOn
CN
O
+1
CN in r^ t-H
O O 0 O
+1 +1 +1 +1
CN 0 cn O
O n 0 O n H
CN 00 OO O
CN
cd
+1
int"-
O N
O
+1
vdin
oO<
o
a
13
N - »—1 cn 1—1 CO i n
O 0 0 O 0 O 0 O
+1 +1 +1 +1 +1 +1 +1 +1
00 cn O cn
i n ■'d CO in vd ■'cf in vd
CN CN CN CN CN CN CN CN
boo
CN vo i n
O © ©
© © ©
+1 +1 +1
1 vo i n
i n cn »—1
rj-" n -
CNo
©
+1
in
in i n r-H© © ©
© © © ©
+1 +1 +1 +1
© © t J- O
vq CN vq
ti- n -
GOu<
O
a VO o
CN
o
(N 00CN
n- CN CN
cn CN00
0
< 1
oo<
0 0O
in CN in 00 CN CN 00
© ' © © © O cd ©
+1 +1 +1 +1 +1 +1 +1 +1
CN m CN 1 H <© cn
vd © cd
M 1
CN <n vo CN CN r-H CN
CN _ in _ cn
cd © © © © <d cd ©
+1 +1 +1 +1 +1 +1 +1 +1
cn CN in cn r-H cq
CN CN cn CN CN CN CN
cn1 cn1 cn1 CN1 CN1 CN1 CN1 CN1
<n CN n - in cn rj* r -© © © © © © © ©
0 © © © cd cd cd cd
+1 +1 +1 +1 +1 +1 +1 +1
cn vo f v . CN 0 0 © 0 0 i n
i> vq O n O n 0 0 0 0
in in in T|- cn cn cn cn
<
T3CO
VO
O
CNr-> VOO O nO n CNO N OO00 VO00
c_o
to
u
c3hJ W
JD
I*
Chapter 3 168
Furthermore, the thermodynamic data in Table 3.23 reveal that the interaction of the
o i
first unit o f L7 with the Ln cation in this medium was entropically controlled 
(positive AcSi°). These findings suggest that the desolvation of the cation, the ligand 
or both overcome the binding energy associated with the first step of the binding 
process (ACH° > 0; AcS° > 0) in the first complexation process. However, an enthalpy- 
entropy compensation effect is found for the interaction of the second ligand with 
Ln3+-L7 complex. Indeed, a linear relationship is observed when AJHh0 values are 
plotted against ACS2° values for these systems (Fig. 3.70). The slope o f this plot 
(Fig.3.70) is approximately equal to 297. The intercept of the fitted line represents the 
average ACG2° values (25.27 ± 1.0 kJ mol'1).
-50 n Yb3+.
3+
-80 - 3 +
.4ta'
-110  -
O ,3 +Nd'
-140 -
Slope = 0.297 K
Intercept = 25.40 kJ.mol"1 
Correlation coefficient = 0.999
-170 - 3+Eu
,3+
-200
-400-600 -500 -200 -100 0
Fig.3.70: Plot of ACH2° vs. ACS2° for the L72-Ln3+ complexes in CH3CN at 298.15 K.
A plot o f log Ksi and log KS2 for Ln3+-L7 2  in CH3CH at 298.15 K is shown in Fig. 
3.71. This figure shows the similarity in log KS2 values across the lanthanide series, 
whilst those for log Ksi showed a different pattern as discussed earlier. In this latter 
case, stability constants for the interaction between the first unit o f ligand with the 
light cations (log Ksi for La3+, Pr3+ and Nd3+ are 5.37, 5.66 and 5.47, respectively)
*7 1
have similar values. However at Eu ,a sudden drop in stability is observed (log Ksi 
for Eu3+ = 4.12) which was followed by similar log Ksi values (yet relatively lower 
than those of the former cations) for the heavy Ln3+ cations (log Ksi for Gd3+, Tb3+, 
Er3+ and Yb3+ are 3.96, 3.90, 3.88 and 3.85, respectively). This complexation 
behaviour in these systems led to the plateau shape seen in Fig. 3.71. Choppin [192],
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Spedding and Atkinson [193] reported the observation of a break in the middle of the 
lanthanide cations series (often referred to as “gadolinium break”) when plotting 
thermodynamic data for few o f the rigid chelates as a function of the Ln3+ ionic radii. 
These findings can explain the discontinuity observed in the complexation of the L7 
with these cations in terms o f changes in the coordination number of Ln3+ [4-6, 168]. 
Another explanation can be related to the known decrease in basicity of the Ln3+ 
cations across the series which might weaken the interaction of the late Ln3+ cations 
with this ligand [168].
7.0 -i
6.0
5.0
m  4.0 o
3.0
2.0
1.0
0.83
3 + i r  3+Yb3+ Er3+ i b 3+Gd Eu
-♦— log K si 
■♦— log Ks2
0.88 1.03 1.080.93 0.98
Ionic Radii (A)
Fig.3.71: Plot of the log Ks for L72-Ln3+ complexes in CH3CN at 298.15 K vs. the ionic radii
of Ln3+ cation
In general, the following is expected for 2:1 L / M interaction process between ligands 
and metal cation in solution, a) The first unit of ligand interacts with the metal cations 
using all available co-ordination sites in the ligand to satisfy its demands, b) The 
complexed cation interacts with a second unit of ligand to satisfy its remaining co­
ordinations demands. It is thus expected that the stability of the former interaction to 
be higher than that of the latter. This behaviour was observed for the interaction of the 
light Ln3+ cations with L7 in CH3CH at 298.15 K. However, this behaviour was 
reversed for the heavy Ln3+ cations, since an unusual log Ksi < log KS2 was observed 
(Fig. 3.71). This observation suggests that the interaction of these cations with the 
first unit of L7 is relatively weaker than those for the second unit of L7 with Ln3+-L7. 
In addition, a plot of ACH° and ACS° for Ln3+L 7 2  complex in this medium vs. the cation 
radii Ln3+ cations is shown in Figs. 3.72 and 3.73, respectively. Fig. 3.73 shows that 
the late (heavy) Ln3+ cations (Gd3+, Tb3+, Er3+ and Yb3+) had less positive AcSi° values
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(thus less gain in entropy) relative to those of the earlier ones (light Ln3+ cations; La3+, 
Pr3+ and Nd3+). This change in entropy could be related to the increase in acidity or 
changes in the co-ordination number across the lanthanide series [168. 199]. Another 
interesting observation can be deducted from the corresponding ACH° values for these 
systems. Going back to Fig.3.72, it can be said that although this process showed loos 
in enthalpy (ACH° > 0), however all o f the Ln3+ cation exhibited similar AcHi° values 
in these systems. These two findings (based on ACS° and ACH° data) can be employed 
to explain the decrease in log Ksi (hence AcGi°) for the late Ln3+ in this medium in 
terms o f the less gain in entropy whilst maintaining similar enthalpy loss in these 
systems compared to those of the light Ln3+cations.
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Fig.3.72: Plot of AcH° of L72-Ln3+ complexes in CH3CN at 298.15 K vs. the ionic radii of 
Ln3+ cation
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Fig.3.73: Plot of AcS° of L72-Ln3+ complexes in CH3CN at 298.15 K vs. the ionic radii of Ln3+
cation
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3.5.3.4. Determination of the thermodynamic parameters for the complexation 
process of Ln3+ cations and cryptand 222 in CH3CN at 298.15 K by 
microcalorimetry.
Following the ‘direct’ microcalorimetric studies it was established that complexes 
formed between Ln3+ cations and cryptand 222 in C H 3C N  have high stability constant 
values (log Ks > 6 ) [10]. Thus, these data could not be determined by this method. 
However the competitive microcalorimetric titration method [161, 165] using the 
silver-cryptate complex was employed to determine the log Ks values for the 
Ln3+cryptate complexes in C H 3C N  at 298.15 K (as described in Section 2.3.6.5.b). 
This latter method involves a competition reaction between the Ln3+ cation and the 
silver cation for cryptand 2 2 2  and through this competitive reaction, the stability 
constant of the lanthanide cryptate complexes can be determined. The process taking 
place for these systems is described in eqn. 3.10.
Ag*222 (C#3CiV)+M3+ (C H fN )-----w l/+222 (C H £N )+ A g  (CHjCN) (eqn. 3.10)
The thermodynamic data (log Ks, AcG°, ACH° and A,;S°) of Ln3+cryptates at 298.15 K 
in C H 3C N  and their corresponding standard deviation derived from competitive 
microcalorimetric titrations are listed in Table 3.24. In addition, direct 
microcalorimetry was also employed to determine the AcHi° values for the 
complexation process of a few Ln3+ (Gd3+, Tb3+, Yb3+) cations and this ligand in this 
medium and these are included in Table 3.24. From the point of view o f comparison, 
the data previously reported for the interaction of La3+, Pr3+ and Nd3+ cations with 
cryptand 222 in C H 3C N  at 298 K derived from potentiometry (log Ks) and classical 
calorimetry (ACH°) [71] are also included in this Table. To assess the media effect on 
the Ln3+ complexation process, the data reported for the interaction of cryptand 222 
and a few of the Ln3+ (Eu3+, Gd3+, Tb3+ and Yb3+) cations in DMF at 298.15 K [25] 
are also given in Table 3.24.
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In Table 3.24, the enthalpy data obtained from competitive microcalorimetric 
titrations were compared with those obtained from direct microcalorimetric titrations 
for Gd3+, Tb3+ and Yb3+ cations. Good agreement is found between the two sets of 
data. In general, comparing the data previously reported [71] to those obtained in this 
work revealed large discrepancies between the two sets of values in Table 3.24. This 
finding can be attributed to (i) the high concentrations of Ln3+ salts previously used 
(based on Seminara and Rizzarelli [23] suggestion) for these measurements. It was 
reported [25-27] that at these high concentrations the trivalent cations species do not 
predominant in solution (ii) the relatively slow kinetics of the process which 
introduces uncertainty in the determination of log Ks by potentiometry. The same 
limitations apply to the determination of enthalpy by classical calorimetry.
An interesting aspect of the data in Table 3.24 is the fact that the complexation of 
cryptand 222 and Ln3+ cations in C H 3 C N  at 298.15 K differentiated in terms of the 
stability constants, log Ks, values. This is illustrated in Fig. 3.73 where log Ks values 
are plotted vs. ionic radii o f Ln3+ cations.(A) [4, 168]. The affinity o f cryptand 222 for 
one Ln3+ relative to another can be quantitatively assessed through the calculation of 
the selectivity factor S, (S = Ks (La3+) / Ks (m3+))- Thus, the selectivity of this ligand for 
La3+ is greater by a factors of 4, 28, 71, 34, 186, 93, 123 and 71 relative to Pr3+, Nd3+, 
Eu3+, Gd3+, Tb3+, Ho3+, Er3+ and Yb3+ cations, respectively.
<5 1
The pattern observed in Fig. 3.73 shows that as one goes across the series from La 
to Eu3+ cations, the stability decreases with decreasing ionic radius. A discontinuity is 
observed at the Tb3+ cation at which point, a slight increase in stability is observed. It 
has been reported that relative flexible macrocycles such as cryptands discriminate 
among smaller cations. This behaviour may cause the so-called ‘plateau selectivity’ in 
the interaction of these systems [191]. This was explained in terms o f a size 
dependency factor in the interaction of cryptands with metal cations. Within this 
context, it can be said that the stronger complexation found for La3+ (largest cations, 
1.06 A [4]) can be attributed to its better size compatibility with the cryptand 2 2 2  
(cavity size = 1.40 A [71]) relative to that for other Ln3+ cations.
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Table 3.24. Thermodynamic data for the complexation process of Ln3+ and cryptand 
222 in C H 3 C N  at 298.15 K derived from titration calorimetry and potentiometry .
Cation log Ks ACG°/ kJ.mol' 1 ACH°/ kJ.mol' 1 ACS°/ J.K ' 1 m o f 1
CH^CN
Y 3+ 1.16 ± 0 .0 1 a -63.6 ± 0.5a -198.3 ± 0 .9a -45l a '
La3+ 15.06 ±0.01a -86.0 ± 0.5a -132.8 ± 1 .2a -157a
10.81° -61.71° -78.2° -56°
Pr3+ 15.35 ±0.01a -87.6 ± 0.5a- -119.5 ± 0.8a -107a
1 1 .0 1 ° 62.80° -92.8° - 1 0 0 °
Nd3+ 14.74 ± 0.02a -84.1 ± 0.5a- -117.2 + 0.8a - 1 1 1 a
11.06° 63.14° -104.2° -138°
Eu3+ 14.12 ±0.01a -80.6 ± 0 .6 a -136.8+ 0.9a -189a
Gd3+ 14.44 ± 0.04a -82.4 ± 0.5a -113.6 ±1 .2a 
-123.5+ 0.6b
-105a
Tb3+ 13.70 + 0.01a -78.2 + 0.9a -148.6 ±1 .5a 
-144.1 ±0 .9b
-23 6 a
Ho3+ 15.00 ±0.03a -85.6 ± 0.5a -120.2 ±1 .7a -150a
Er3+ 13.88 ±0.02a -79.2 ± 0.6a -133.6 ±1 .8a -182a
Yb3+ 14.12 ±0.02a -80.7 ± 0.7a
DMF
-93.3 + 1.5a 
-95.6 ± 0.6b
-43a
Eu3+ ^ T 2 8 ± 0 .1 0 d -18.7 ± 0.5d -29.6 ± 0.8 d - 3 6 ^
Gd3+ 3.29 ± 0.08d -18.8 ± 0.4d -23.4 ± 0.4 d -16d
Tb3+ 3.08 ± 0.05d -17.6 ± 0.2d -18.0 + 0 . 6  d -2 d
Yb3+ 3.15 ± 0.11d -17.9 ± 0.6d -15.5 ± 0.7d 8.4 d
a Competitive microcalorimetric titrations. 
b Direct microcalorimetric titrations.
°Data reported by classical calorimetric and potentiometric titration [65, 71]. 
dData reported by microcalorimetric titrations [25].
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Fig. 3.73. Stability constant, log Ks, for Ln3+-ciyptand 222 complexes in CH3CN at 298.15 K 
vs. the ionic radii of Ln3+ cations.
Moreover, the most striking result is shown when enthalpy data are plotted versus the 
Ln3+ ionic radii as shown in Fig 3.74. This figure demonstrates that the most 
favourable complexation enthalpy value (more negative values) was associated with 
the cation complexes with the lowest stability (i.e. Eu3+-cryptand and Tb3+-cryptand). 
However inspection to Table 3.24 reveals that these systems were also associated by 
more negative entropy data (hence higher lose of entropy). These findings might 
explain the relative lower stability o f these systems than those of other Ln3+-cryptand 
complexes.
Burgess [186] has extensively investigated the varied and complicated patterns of 
solvation number for lanthanide cations in solution. He suggested that the molar 
volumes, activity coefficients, transfer numbers, conductances and thermochemical 
studies have all provided evidence which can be interpreted in terms o f a change in 
coordination number around the middle of the lanthanides series. Choppin [192] 
Spedding and Atkinson [193] and Habenschuss and Spedding [195] also reported that 
the change in co-ordination number occurs around the middle of the Ln3+ series.
Chapter 3 175
ACH°
kJ.mol'
-40
-80
■120
-160
-200
♦ Ho- * Gd’+
0.8 0.85 0.9 0.95 1
Ionic radii (A)
1.05 1.1
Fig. 3.74. Standard enthalpy of complexation, ACH°, for Ln3+-ciyptand 222 complexes in 
CH3CN at 298.15 K vs. the ionic radii of Ln3+ cations.
Stability constant values of lanthanide cations and L5 in CH3CN at 298.15 K (Section
*> j
3.5.3.2) are compared with those for Ln cryptates as shown in Fig. 3.75. This figure 
shows that the pattern in terms of stability observed for cryptand 2 2 2  and lanthanide 
cations in this solvent is the opposite to that found for L5 and the same cations in the 
same solvent. However, it should be noted that whether this is attributed to the fact 
that the former complexation process is enthalpically controlled while the latter is 
entropically controlled.
16 ;3+
Eir
13
A cryptand 222
7 ,3+
Er3+ Ho
Yb .3+
3+
4
0.9 1.0 1.00.8 0.9
Ionic radii (A)
Fig. 3.75. Comparison between the stability constants, log Ks, for the Ln3+-cryptand 222 and 
the Ln3+-L5 complexes in CH3CN at 298.15 K vs. the ionic radii of Ln3+ cations.
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Finally, the data reported for the interaction between ciyptand 222 and few of the Ln3+ 
cations in DMF and these in CH3CN at 298.15 K (Table 3.24) are now discussed to 
assess the medium effect on these systems.
A competition between ligand and solvent for the cation plays a crucial role on the 
stability of complex formation between cryptand 222 and metal cations [152]. On this 
basis, DMF known as a protophilic aprotic solvent [185] was selected to assess the 
medium effect on the binding process. Thus log Ks (hence ACG°), ACH° and ACS° for a 
few Ln3+ cations and cryptand 222 in DMF are listed in Table 3.32. These data were 
derived from titration microcalorimetry [25]. The substantial drop in stability 
observed in DMF relative to CH3 CN led us to analyse the factors that contribute to it 
in terms of the transfer enthalpy of the reactants and the product [194]. A 
representative example is given for the complexation process involving cryptand 2 2 2  
and the Eu cation (Fig. 3.75). The AtH° value for the single cation is based on the 
PIljAsPImB convention [186]. Data for the Eu3+cryptate has been calculated via the 
cycle, while the AtH° for cryptand 222 from CH3CN to DMF is that from the literature 
[194].
Eu3+ (CH3CN) + 222 (CH3CN)
Eu3+ (DMF) + 222 (DMF)
ACHC
► Eu3+-222(CH3CN)
-136.8 kJ mol' 1
A,H° AtH°
-253.8 kJ mo! ' 1
T
1.6 kJ mol' 1
r ACH° ▼
AtH 
-144.6 kJ mol'
Eu3+-222 (DMF)
-29.7 kJ mol'
Fig. 3.75. Thermodynamic cycle for the complexation process of cryptand 222 and the Eu3+ 
cation from CH3CN to DMF at 298.15 K.
The results show that the higher ACH° value o f Eu3+ and cryptand 222 in CH3CN 
relative to DMF is entirely attributed to the contribution of the free cation. Although 
the AtH° of the lanthanide complex favours complexation in the latter solvent, this is 
overcome by the higher enthalpic stability of the cation in DMF relative to
3+ 3“bacetonitrile. The same conclusions apply to other cations considered (Sc -222, Y - 
222, Gd3+-222, Tb3+-222 and Yb3+-222).
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3.6. Conclusions.
From the above discussion the following conclusions can be drawn.
• Great experimental care is required regarding the dryness o f the metal cation 
salt, the purity of solvent and the range of concentrations used to obtain 
reliable thermodynamic data when working with lanthanide salts and 
macrocylic ligands in solution.
• X-ray crystallographic studies revealed the structure of the free L I and L2 
ligands and their protonated complexes with a molecule o f acetonitrile via the 
hydrophobic cavity. Additionally these studies revealed the allosteric effect 
exerted by calixarenes.
• The X-ray structure of L4 recrystallised from acetonitrile, C H 3 C N ,  and N, N- 
dimethylformamide, DMF, showed that in the solid state this ligand 
encapsulates a molecule o f acetonitrile or DMF in its hydrophobic cavity, 
respectively.
• X-ray crystallographic studies of L5 recrystallised from N, N- 
dimethylformamide reveals a different geometrical arrangement to that 
recrystallised from ethanol [109]. In comparison, the solved structure of L5 
from DMF is adopting a more symmetrical conformation.
• ^ -N M R  titration experiments in C D 3 C N  at 298.15 K, concluded that the 
active sites of interaction with these cations in the ligands investigated are 
mainly assigned to the O and to a lesser extent to the N donor atoms in 
C D 3 C N  at 298 K.
• Conductimetric titration studies in CH3CN at 298.15 K revealed the formation
3+of 1:1 [L]/[Ln ] complex stoichiometry with most ligands. However, these 
for Ln3+-L7 complexes showed also a weak break at 2:1 [L]/[M] 
stoichiometry. In fact titration microcalorimetry studies revealed the formation 
of 2:1 [L7]/[Ln3+] for these systems. As far as L5, L 6  and L7 are concerned, 
the interaction of these ligands with lanthanide cations led to conductimetric
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titration curves which are typical of complexes of higher stabilities than those 
formed with other ligands (L2, L3 and L4). When the medium was changed to 
DMF, weak complexes or indeed lack of complexation was observed. Thus, 
these studies demonstrated the medium effect on the complexation of 
calixarene derivative and Ln cations.
• Stability constant values for 1:1 [L]/[M] involving Ln3+ and L I (log Ks values 
range from 4.37 to 4.63) are higher than those involving Ln3+and L2 (log Ks 
values range from 3.62 to 3.83) in C H 3 C N  at 298.15 K. This could be partially 
attributed to the presence of two types of donor atoms (O, and N) in the 
morpholine group in L I relative to only one type of donor atom (N) in the 
piperidine group in L2. However, those ligands were unable to selectively 
recognise these cations in this solvent. As far as L4 is concerned, relatively 
moderate complexes were observed (log Ks values range from 3.64 to 4.12) 
for this ligand and the Ln3+ cations and no significant selectivity was observed
in CH3CN at 298.15 K. Based on log Ks (hence Gibbs energies) values for
3+Ln -L3 complexes in C H 3 C N  at 298.15 K, these data reveal that the absence 
of significant selectivity is the result of a remarkable enthalpy-entropy 
compensation effect.
• Among the investigated macrocycles, the a  donating ability of the carbonyl
oxygens increases in the sequence L4 < L3 < L5 and therefore their basicity
increases. Thus, despite of their similar 1:1 [M]/[L] complex stoichiometry, as 
shown by lH NMR and conductance measurements, L5 was found to form the 
strongest complexes with the Ln3+ cations in this medium. Indeed, despite of
3+
the small variation in the size of Ln as assessed by their ionic radii, L5 is 
able to recognise selectively these metal cations in C H 3 C N  and to a lesser 
extent in DMF at 298.15 K. This work also demonstrated that the nature of the 
alkyl groups attached to the amide nitrogens in calix[4]arene amide also 
derivatives and the solvent have a considerable effect on complex stability.
O I
• As far as L7 is concerned, its interaction with the Ln cations in C H 3 C N  at
298.15 K appears to be strong with the formation of 2:1 [L]/[M] complexes in
this medium. Inspection of thermodynamic data for this complexation process
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showed that while the complexation of these cations with the first L7 unit was 
entropically controlled, that for the second L7 unit show an enthalpy-entropy 
compensation effect.
• Cryptand 222 is able to discriminate among lanthanide cations in CH3CN as 
assessed from the calculated selectivity factors. In comparison these systems 
have higher stability in CH3CN than those in DMF. It was found that the 
medium effect on the complexation process involving the lanthanide cations is 
mainly controlled by the extent of cation-solvent interactions.
• The contribution of enthalpy and entropy to the Gibbs energy of the 
complexation between cations and ligands was discussed.
3.7. Suggestions for further work.
Based on the above conclusions, the following suggestions for future work are given.
1. The isolation of suitable crystals of lanthanide complexes with calixarene 
derivatives for X-ray diffraction studies would enlighten some of the findings 
particularly the structure of these complexes.
2. Investigating the various factors controlling the selectivity enhancement o f L5 
for lanthanide in acetonitrile relative to N, iV-dimethylformamide at 298.15 K. 
Therefore, through the determination of transfer thermodynamic data for these 
systems from a reference solvent to another. This would be required to draw 
conclusions regarding the higher selectivity observed in acetonitrile relative to 
N, 77-dimethylformamide. However, based on previous findings [196] it is 
possible to suggest that the L 5 .CH3CN adduct rather than the free ligand may 
be partly responsible for the stronger interaction observed in acetonitrile 
relative to N, A^-dimethylformamide.
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APPENDIX 1 InfraRed Data ‘Lanthanide triflates salts’
T
(a)
(b)
The InfraRed spectrum o f  the Terbium salt before (a) and after (b) diying by chemical
reaction.
(a)
(b)
The InfraRed spectrum o f  the Holmium salt before (a) and after (b) dtying by chemical reaction.
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(a)
(b)
The InfraRed spectrum o f  the Europium salt before (a) and after (b) drying by chemical reaction
192
a) (b)
The InfraRed spectrum o f  the Lanthanum before (a) and after (b) drying by chemical reaction.
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(a) (b)
The InfraRed spectrum o f  the ytterbium salt before (a) and after (b) drying by chemical reaction
i
(a) (b)
The InfraRed spectrum o f the Neodymium salt before (a) and after (b) drying by chemical reaction
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APPENDIX 2: 'H-NMR data.
2.1 The 'il-N M R  results for the complexation of LI with Eu3+ in CD3CN at 298 K:
'H-NMR spectrum o f LI in CD3CN 298 K:
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2.2- ^ -N M R  results for the titration of LI with Gd3+ in CD3CN at 298 K:
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2.3- ]H-NMR experiments for the titration of LI with Ho3+ in CD3CN at 298 K:
‘H-NMR spectrum o f LI in CD3CN at 298 K:
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2.4. !H-NMR results for the titration of LI with Nd3+ in Cd3CN at 298 K:
‘H-NMR spectrum o f LI in CD3CN at 298 K.
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2.5- ^ -N M R  titrations of LI with La3+ in CD3CN at 298 K:
0.2 [La3+]/[Ll]:
0.6 [La3+]/[Ll]:
>YfrVwWV<KflVl
Z,IZ,
1.2 [La3+]/[Ll]:
'H -N M R  spectra for the Protonated L I w ith perchloric acid in CD3CN:
2.6.- ^ -N M R  results for the titration of LI with La3+ in d7-DMF at 298.15 K:
!H-NMR spectrum o f LI in d7-DMF at 298 K.
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Z J^ H -N M R  results for the titration of L2 with La3+in CD3CN at 298 K
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2.8-xH-NMR results for the titration of L2 with Gd3+in d7-DMF at 298 K
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2.9- H-NMR spectra for the titration of L2 with La in d7-DMF at 298 K
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5.10.- 'H-NMR titration experiment for the complexation o f L3 with La3+ in CD3CN at 298.15K 
'H-NMR spectrum o f L3 in CD3CN at 298 K.
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2.11.- ‘H-NMR titration for the complexation of L3 with Nd3+ in CD3CN at 298 K: 
^-N M R  o f L3 in CD3CN at 298 K
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5.11.- ‘H-NMR titration for the complexation of L3 with La3+ in CD3CN at 298 K: 
‘H-NMR of L3 in CD3CN at 298 K
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2.13-1H-NMR titration experiment for the complexation of L4 with Eu3+ in CD3CN at 298.15K
'H-NMR spectrum o f L4 in CD3CN at 298 K.
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2.15.- *H-NMR titration experiment for the complexation of L4 with Li+in CD3CN at 298.15K
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2.16.- ^ -N M R  titration for the complexation of L4 with Na+in CD3CN at 298.15 K
^-N M R  spectrum o f L4 in CD3CN at 298 K.
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2.17.-1H-NMR titration for the complexation of L4 with Eu+in d7-DMF at 298 K
'H-NMR spectrum of L4 in d7- DMF at 298 K.
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Z.IS/HJMMR results for the titration of L5 with Eu3+ in CD3CN at 298 K.
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2.19.1H NMR results for the titration of L5 with Sc3+ in CD3CN at 298 K.
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2 JtO/H^NMR results for the titration of L5 with La3+ in CD3CN at 298 K. 
'H-NMR spectrum of L5 in in CD3CN at 298 K.
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2.23.-1H-NMR result for the titration of L7 with Yb3+ in CD3CN at 298 K.
!H-NMR spectrum for the free L7 in CD3CN at 298 K
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2.24.-1H- NMR titration for the complexation of Ho (III) with L7 in CD3CN at 298 K
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2.25.-.1 H-NMR titration for the complexation of L7 with Gd(III) in CD3CN at 298 K:
!H-NMR spectra for the free L7 in CD3CN at 298.15 K
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2.26.-1H-NMR titration for the omplexation of Eu3+ with L7 in CD3CN at 298 K:
^-N M R  spectrum for L5 in CD3CN at 298 K:
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2.27.-1H- NMR titration for the complexation of Yb (III) with L7 in CD3CN in 298 K: 
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Z.ZS.^H-NMR titration for the complexation of Er(HI) with L7 in CD3CN at 298 K
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2.29.-1H-NMR titration for the complexation of L7 with Nd(III) in CD3CN at 298 K:
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2.30.-1H-NMR titration for the complexation of Pr (III) with L7 in CD3CN at 298 K:
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2.31.-1H-NMR titration for the complexation of L7 with La(III) in CD3CN at 298 K
*H-NMR spectrum of L7 in CD3CN at 298 K. ,, o  ............
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2.32- ^ -N M R  titration for the complexation of L7 with Sc(HI) in CD3CN at 298 K:
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2.33.- ^ -N M R  titration for the complexation of L7 with Y(III) in CD3CN at 298 K :
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APPENDIX 3: Conductimetric studies
3.1. Conductimetric titration studies for the complexation o f Ln3+ with LI in 
Acetonitrile (CH3CN) 298.15 K.
Table 1. Conductance data for the titration of Ln(CF3S 0 3)3 with LI in CH3CN at 298.15 K.
[La3+] = 5.3 x 10'3, [L l]=  
5.5 x 1 O'4 mol.dm'3
[Pr3+] = 5.38 x 10'3 , 
[L l]=  4.5 x 10-4 
mol.dm'3
[Nd3+] = 
[LI] = 
mol.dm'3
5.5 x 10'5 ,
6.5 x 10'4
[Eu3+] = 5.0 x 10'3 
[L l]=  5.8 x 10'4 
mol.dm'3
[L]/[M3+] Am
S.cm2.mol'1
[L]/[M3+] Am
S.cm2.mol'1
[L]/[M3+J Am
S.cm2.mor'
[L]/[M3+J Am
S.cm2.mol'1
0.074 382.71 0.10 428.02 0.13 365.52 0.09 393.44
0.16 386.14 0.21 416.53 0.22 358.84 0.19 376.75
0.23 388.85 0.31 405.94 0.33 349.73 0.34 359.02
0.32 391.80 0.41 397.51 0.41 344.36 0.46 346.73
0.39 394.12 0.50 392.96 0.52 334.92 0.49 351.71
0.46 396.13 0.59 391.72 0.64 326.08 0.55 356.84
0.54 398.41 0.66 393.37 0.75 320.55 0.63 360.46
0.62 400.66 0.75 397.64 0.86 316.36 0.73 363.17
0.72 402.94 0.91 406.27 0.98 315.24 0.83 366.12
0.82 404.98 1.00 410.52 1.10 316.01 0.93 369.96
0.95 407.29 1.28 419.91 1.64 320.07 1.03 372.15
1.28 410.82 1.43 422.70 1.46 322.34 1.13 373.51
1.39 411.14 1.58 425.52 1.60 324.92 1.25 375.69
1.50 410.81 1.69 426.98 1.73 327.04 1.36 377.15
1.64 410.16 1.87 430.18 1.89 330.06 1.47 378.03
1.75 409.37 2.02 432.04 2.05 332.03 1.61 378.95
1.86 408.73 2.20 433.73 2.19 334.22 1.74 380.02
1.97 408.17 2.38 435.28 2.24 336.97 1.89 381.17
2.05 407.79 2.44 439.10 2.39 339.51 2.02 381.98
2.14 407.12 2.53 440.23 2.47 341.90 2.15 383.04
2.29 406.26 2.60 4441.0 2.55 243.0 2.21 383.96
2.49 404.90 2.75 442.8 2.60 345.3 2.43 384.82
Table 2. Conductance data for the titration of Ln(CF3S 0 3)3 with LI in CH3CN at 298.15 K.
[Gd3+] =  4 .2 x 1  O'5 [L l]=  
5.4 x 10'4 mol.dm'3
[Tb3+] = 5.2 x 10'3 
[L l]= 6.0 x 10'4 
mol.dm'3
[Er3+] = 4.0 x 10'3 
[L l]=  5.2 x 10-4 
mol.dm'3
[Ho3+] = 4.0 x 10'5 
[L l]=  5.5 x 10-4 
mol.dm'3
[L]/[M3+] Am
S.cm^mol'1
[L]/[M3+] Am
S.cm2.mol'1
[L]/[M3+J Am
S.cm^mor1
[L]/[M3+j Am
S.cm^mol'1
0.21 368.42 0.07 356.60 0.12 394.49 0.08 355.13
0.36 374.63 0.20 335.66 0.20 388.23 0.18 348.24
0.44 378.64 0.29 318.53 0.26 380.97 0.31 340.55
0.57 381.86 0.39 303.74 0.36 373.29 0.43 334.11
0.69 382.48 0.47 296.82 0.50 365.47 0.56 330.2
0.84 382.45 0.53 300.63 0.56 369.97 0.68 327.60
0.98 381.32 0.59 306.35 0.65 374.40 0.79 323.47
1.12 382.15 0.66 311.72 0.73 380.34 0.92 319.37
1.29 383.24 0.75 316.55 0.80 384.28 1.05 314.85
1.41 384.67 0.84 320.67 1.19 279.49 1.16 311.12
1.73 388.14 0.92 324.12 1.33 280.91 1.32 306.85
1.88 390.12 0.99 326.87 1.49 283.00 1.46 304.83
2.03 392.03 1.14 329.73 1.57 284.79 1.57 306.56
2.19 394.47 1.27 331.72 1.62 287.86 1.66 311.34
2.37 396.75 1.39 333.43 1.76 290.06 1.79 316.52
2.52 398.44 1.51 334.75 1.81 292.07 1.94 323.27
2.72 400.32 1.63 336.02 1.99 294.81 2.06 327.93
2.92 402.46 1.70 336.87 2.08 296.08 2.21 333.44
3.09 404.58 1.87 338.20 2.16 296.17 2.23 334.55
3.27 406.43 2.00 339.18 2.22 297.90 2.31 337.82
3.47 408.74 2.14 339.76 2.40 299.10 2.31 337.99
Table 3. Conductance data for the titration o f Ln(CF3S03)3 and Ag(C104) with LI in CH3CN at 298.15 K.
[Yb3+] = 5.4 x 10'* , 
[L l]=  6.9 x 10'4 mol.dm’3
[Sc3+] = 4.8 x 10'3 
[L l]=  6.0 x 10'4 
mol.dm'3
[Y3+] = 3.9 x 10'3 
[L l]=  5.0 x 10-4 
mol.dm'3
[Ag1+] = 6.0 x 10° 
[L l]=  7.9 x 10*4 
mol.dm'3
[L]/[M3+] Am
S.cm^mor1
[L]/[M3+] Am
S.cm2.mol'1
[L]/[M3+J Am
S.cm^mol'1
[L]/[M3+1 Am
S.cm^mor1
0.079 377.72 0.09 432.24 0.09 339.73 0.11 393.03
0.20 363.97 0.17 432.68 0.18 317.58 0.21 394.59
0.30 353.37 0.25 433.03 0.30 297.34 0.31 396.70
0.39 343.80 0.34 433.39 0.42 286.78 0.41 398.11
0.49 336.17 0.45 433.83 0.48 282.37 0.52 399.80
0.58 344.34 0.54 434.09 0.58 288.21 0.62 400.69
0.63 351.32 0.62 434.28 0.69 298.25 0.74 401.88
0.69 356.92 0.70 434.40 0.82 306.76 0.86 402.73
0.77 361.38 0.79 434.76 0.93 313.10 0.98 403.86
0.84 364.25 0.89 435.03 1.04 317.26 1.10 405.01
0.88 366.43 1.05 435.44 1.16 321.22 1.20 405.69
0.93 367.95 1.14 435.64 1.31 324.00 1.32 406.53
1.01 369.75 1.24 435.87 1.44 327.47 1.45 407.27
1.05 371.11 1.34 436.02 1.56 329.81 1.58 408.48
1.14 372.51 1.46 436.29 1.69 330.50 1.75 409.48
1.22 374.10 1.58 436.48 1.79 331.43 1.90 410.41
1.31 375.70 1.73 436.81 1.92 332.44 2.00 410.71
1.41 377.06 1.88 437.00 2.05 332.52 2.16 411.08
1.56 378.07 1.99 437.18 2.19 333.67 2.28 411.44
1.75 379.07 2.10 437.32 2.35 333.99 2.46 411.79
1.90 379.57 2.49 334.46 2.62 412.00
3.2. Conductimetric titration studies for the complexation o f Ln3+ with LI i n N,N- i 
dimethylformaamide (DMF) 298.15 K.
Table 4. Conductance data for the titration of Ln(CF3S 0 3)3 with LI in DMF at 298.15 K.
[La3+] = 4.19 x 10° 
[L l]=  5.89 x 10'4 
mol.dm'3
[Pr3+] = 4.9 x 10'3 
[L l]= 5.9 x 10*4 
mol.dm'3
[Nd3+] = 4.0 x 10'3 
[L l]=  5.3 x 10'4 
mol.dm'3
[Eu3+] = 4.0 x 10'3 
[L l]=  5.0 x 10'4 
mol.dm'3
[L]/[M3+] Am
S.cm2.mol'1
[L]/[M3+] Am
S.cm^mol'1
[L]/[M3+J Am
S.cm2.mol'1
[L]/[M3+J Am
S.cm2.mol'1
0.12 247.62 0.11 238.14 0.13 236.84 0.15 239.16
0.24 247.83 0.23 238.24 0.26 236.98 0.27 239.16
0.36 247.91 0.39 238.32 0.36 237.08 0.45 239.19
0.50 247.95 0.53 238.36 0.51 237.31 0.57 239.20
0.60 247.93 0.68 238.24 0.65 237.57 0.76 239.11
0.75 247.86 0.82 237.95 0.81 237.84 0.92 238.98
0.87 247.70 0.96 237.79 0.96 238.10 1.04 238.85
0.99 247.53 1.09 237.67 1.09 238.38 1.20 238.74
1.13 247.31 1.20 237.62 1.25 238.71 1.34 238.55
1.27 247.05 1.47 237.55 1.38 239.15 1.49 238.42
1.43 246.74 1.60 237.52 1.54 239.51 1.68 238.22
1.59 246.40 1.77 237.45 1.72 240.00 1.87 237.94
1.74 245.99 1.92 237.41 1.88 240.49 2.05 237.64
1.91 245.40 2.07 237.34 2.04 240.86 2.24 237.50
2.09 244.68 2.24 237.27 2.19 241.27 2.42 237.43
2.30 244.46 2.40 237.21 2.33 241.67 2.61 237.36
2.49 244.34 2.59 237.14 2.49 242.10 2.79 237.30
2.59 244.21 2.82 237.05 2.65 242.41 2.98 237.23
Table 5. Conductance data for the titration o f Ln(CF3S03)3 with LI in DMF at 298.15 K.
[Gd3+] = 4 .6 x 1 0‘5 
[L l]=  5.9 x 10'4 mol.dm'
3
[Tb3+] = 4.0 x 10'5 
[L l]=  5.0 x 10'4 
mol.dm'3
[Er3+] = 3.7 x 10'5 
[L l]=  4.9 x 10-4 
mol.dm'3
[Ho3+] = 4.3 x 10° 
[L l]=  5.9 x 10'4 
mol.dm'3
[L]/[M"] Am
S.cm2.mor’
[L]/[M3+] Am
S.cm2.mol‘1
[L]/[M3+J Am
S.cmlmol'1
[L]/[M3+] Am
S.cnAmor1
0.15 217.73 0.12 238.53 0.15 237.08 0.14 230.58
0.29 217.96 0.26 238.69 0.28 237.17 0.27 229.28
0.46 218.26 0.39 238.91 0.45 237.19 0.40 227.14
0.61 218.55 0.54 239.10 0.57 237.21 0.55 225.49
0.76 218.90 0.68 239.32 0.76 237.11 0.71 224.75
0.92 219.10 0.82 239.50 0.92 236.99 0.85 224.36
1.10 219.46 0.97 239.50 1.05 236.86 0.99 224.01
1.28 219.89 1.11 239.23 1.21 236.75 1.14 223.97
1.45 220.31 1.21 239.04 1.34 236.55 1.28 223.87
1.64 220.62 1.32 238.80 1.68 236.22 1.40 223.83
1.81 220.47 1.49 238.37 1.88 235.94 1.52 223.73
2.03 220.25 1.59 238.14 2.05 235.64 1.67 223.71
2.19 220.11 1.78 237.68 2.25 235.50 1.82 223.56
2.36 220.23 1.94 237.40 2.42 235.40 1.99 223.01
2.52 220.45 2.09 237.28 2.62 235.36 2.13 222.21
2.69 220.70 2.23 237.40 2.80 235.30 2.28 221.24
2.88 220.93 2.37 237.63 2.98 235.23 2.42 219.95
3.06 221.12 2.60 237.86 3.19 235.38 2.59 219.21
Table 6. Conductance data for the titration of Ln(CF3S03)3 and Ag(C104) with LI in DMF at 298.15 K.
n 7T-3+n _  a 1 . .  1 n-5 rcO +n Z  7 ~a 7  i n -5 r v 3+i  — o n  3  m -5 r A « 1+i  — ^ Cv 1 0 ' 5[Yb3+] = 4 .1x  10'5 
[L l]=  4.9 x 10'4 mol.dm'3
[Sc3+] = 
[L l]=
mol.dm'
4.4 x lO'5 
6.2 xlO*4
[Y3+] = 3.9 x 10'5 
[L l]=  4.9 x 10-4 
mol.dm'3
[Ag1+] = 5.8x lO'5 
[L l]=  6.9 x 10'4 
mol.dm'3
[L]/[MJ+] Am
S.cn^.mol'1
[L]/£MJT Am
S.cm2.mol'1
[L]/[M3+J Am
S.cm2.mol'1
[L]/[M3+] Am
S.cm^mor1
0.13 204.81 0.10 227.80 0.09 252.07 0.06 199.24
0.26 204.67 0.24 228.19 0.18 252.06 0.12 199.90
0.39 204.42 0.35 228.45 0.30 251.94 0.20 200.74
0.56 204.20 0.49 228.75 0.42 251.86 0.27 201.49
0.71 203.96 0.61 228.79 0.54 251.29 0.35 202.29
0.90 203.66 0.74 227.89 0.66 251.02 0.44 203.16
1.06 203.38 0.90 226.85 0.78 250.52 0.50 203.88
1.21 203.20 1.04 225.21 0.90 250.12 0.59 204.71
1.31 202.99 1.20 223.41 1.01 250.12 0.69 205.61
1.46 202.82 1.38 223.93 1.28 251.30 0.79 206.60
1.60 202.62 1.51 224.56 1.40 251.90 0.88 207.59
1.77 202.45 1.66 224.93 1.52 252.25 0.97 208.44
1.96 202.31 1.79 225.60 1.65 252.46 1.05 209.44
2.11 202.23 1.90 226.16 1.82 252.57 1.15 210.36
2.27 202.18 2.01 226.82 2.01 250.71 1.23 211.33
2.40 202.14 2.15 227.49 2.19 248.91 1.33 212.35
2.55 202.14 2.28 227.98 2.42 247.63 1.43 213.39
2.49 228.43 2.64 246.54 1.48 214.03
r3.3.Conductimetric titration studies for the complexation of Ln3+ with L2 in CH3CN 
at 298.15 K.
Table 7. Conductance data for the titration o f Ln(CF3S03)3 with L2 in CH3CN at 298.15 K.
[La3+] = 9.9x 10'6 [Nd3t] = 9.7x 10'6 [Eu3+] = 9.9x 10'6 [Gd3+] = 8.9x 1 0 b
[L2]= 9.9 x 10' mol.dm' [L2]= 1.0 x IQ-4 [L2]= 9.9 x 10° [L2]= 9.99 x 10°
mol.dm' mol.dm' mol.dm'
[L]/[M3+] A m
S.cm2.mor'
[L]/[MJ+] A m
S.cm2.mol'1
[L]/[M3+j A m
S.cmlmol'1
[L]/[M3+j Am
S.cm2.mol'1
0.11 353.16 0.12 342.03 0.11 353.89 0.19 352.16
0.20 352.03 0.24 333.27 0.29 360.28 0.30 351.12
0.30 350.64 0.36 327.07 0.47 366.01 0.44 350.36
0.40 349.22 0.47 321.66 0.59 369.24 0.57 348.59
0.50 348.49 0.57 318.04 0.77 372.47 0.71 346.95
0.60 348.11 0.68 313.18 0.84 374.06 0.90 343.07
0.70 347.54 0.79 310.75 0.96 375.46 1.07 338.33
0.79 347.25 0.90 307.37 1.03 375.55 1.21 332.99
0.87 347.17 1.01 304.31 1.10 375.08 1.39 326.51
0.95 347.37 1.13 301.54 1.17 374.81 1.50 321.82
1.03 347.79 1.39 296.05 1.34 373.82 1.65 315.12
1.11 348.81 1.53 292.82 1.47 373.12 1.80 309.48
1.20 351.31 1.67 289.05 1.60 372.43 1.95 303.50
1.34 355.76 1.82 287.66 1.72 371.90 2.12 297.18
1.50 360.09 1.97 285.916 1.83 371.19 2.29 291.22
1.62 364.44 2.14 284.40 1.92 370.66 2.48 283.91
1.73 368.09 2.33 283.65 2.04 369.89 2.62 279.43
1.82 371.70 2.51 284.06 2.17 368.94 2.79 273.16
1.91 374.67 2.70 284.31 2.30 368.04 2.96 266.40
2.05 378.99 2.91 284.76 2.41 367.30 3.15 264.84
2.22 384.93 3.33 258.85
2.39 390.24 3.44 254.27
Table 8. Conductance data for the titration of Ln(CF3SQ3)3 with L2 in CH3CN at 298.15 K.
[Tb3+] = 8.0 x 10'6 
[L2]= 9.09 x 10'5 
mol.dm'3
[Er3+] = 9.79 x 10'6 
[L2]= 1.05 x 10'4 
mol.dm'3
[Ho3+] = 8.39x 10'6 
[L2]= 9.59 x 10'5 
mol.dm'3
[Yb3+] = 9.1 x 10'b 
[L2]= 9.69 x 10'5 
mol.dm'3
[L]/[M3+] Am
S.cm2.mol'1
[L]/[M3+] Am
S.cm2.mol'1
[L]/[M3+j Am
S.cm2.morI
[L]/[M3+j Am
S.cm2.mol'1
0.19 413.79 0.16 385.54 0.07 379.38 0.09 358.14
0.33 413.69 0.30 384.16 0.18 377.34 0.19 357.44
0.49 413.48 0.42 382.27 0.31 374.91 0.30 356.01
0.66 413.03 0.57 380.05 0.44 372.46 0.40 354.90
0.85 412.42 0.71 378.23 0.54 370.22 0.50 353.78
0.96 411.94 0.85 376.73 0.68 368.13 0.59 353.39
1.12 411.26 0.99 375.16 0.82 365.58 0.68 351.74
1.26 410.74 1.14 373.64 0.97 362.85 0.79 350.61
1.41 410.19 1.28 372.36 1.09 361.09 0.89 349.15
1.55 409.75 1.41 371.03 1.22 359.25 1.00 348.41
1.69 408.97 1.53 370.05 1.34 356.91 1.12 347.18
1.86 408.22 1.66 369.23 1.47 354.54 1.23 345.79
1.98 407.70 1.80 368.22 1.59 353.09 1.35 344.45
2.11 407.02 1.94 367.20 1.71 351.45 1.47 343.26
2.27 406.09 2.09 365.98 1.87 349.81 1.59 342.82
2.41 405.31 2.25 364.98 2.02 347.79 1.70 342.25
2.58 404.45 2.35 364.33 2.19 345.41 1.81 341.49
2.76 403.43 2.49 363.21 2.36 343.08 1.94 340.64
2.99 401.80 2.65 361.96 2.52 340.98 2.07 339.10
3.21 402.93 2.79 360.96 2.69 338.97 2.19 338.01
Table 9. Conductance data for the titration o f Ln(CF3S 0 3)3 with L2 in CH3CN at 298.15 K.
Sc3+] =  9.0x1 O'6 
[L21= l.Ox 1 O’4 mol.dm'3
[Y3+] = 9.9x 10'6 [L2]= 
l.Ox 1 O'4 mol.dm'3
[Ag1+] = 1.0 x 1 O'5 
[L21= l.Ox 1 O'4 mol.dm'3
[L]/[M3+] A m [L]/[M3+] A m [L]/[M A m
S.cm2.mol' S.cm^mol'1 +] S.cm2.mor’
0.11 420.27 0.15 382.72 0.12 347.58
0.22 419.70 0.25 383.20 0.22 351.46
0.33 418.02 0.37 384.17 0.34 356.49
0.45 415.90 0.49 385.05 0.46 360.89
0.58 414.76 0.63 384.79 0.59 365.02
0.71 413.63 0.74 384.50 0.70 368.71
0.82 412.43 0.88 383.71 0.81 372.14
0.97 410.64 1.04 383.10 0.92 375.12
1.10 409.19 1.16 382.13 1.03 377.38
1.24 407.77 1.29 381.11 1.18 380.67
1.51 404.77 1.42 379.93 1.33 384.40
1.64 403.41 1.52 378.76 1.48 387.22
1.81 401.51 1.66 376.83 1.62 390.75
1.94 399.93 1.75 375.66 1.78 394.03
2.08 398.56 1.84 374.32 1.93 396.84
2.25 396.82 2.00 371.99 2.07 400.00
2.42 395.18 2.19 369.25 2.23 403.22
2.55 393.48 2.31 366.46 2.45 407.02
2.72 391.29 2.41 364.75 2.66 410.07
2.90 388.40 2.85 357.42
3.4.Conductimetric titration studies for the complexation of Ln3+ with L2 in DM F at
298.15 K.
Table 10. Conductance data for the titration o f Ln(CF3S 0 3)3 with L2 in DMF at 298.15 K.
[La3+] = 9.99x 10'6 [Pr*+] = 9.7x 10'b [Nd3+] = 9.0x 10'b [EU3+] = 9.7x 10'°
[L21= l.Ox 10'4 mol.dm' [L2]= 1.2x 10'4 [L2]= l.Ox 10'4 [L2]= l . l x  10'4
mol.dm'3 mol.dm'3 mol.dm'3
[L]/[M3+] A m [L]/[M3+] A m [L]/[M3+j A m [L]/[M3+j A m
S.cm2.mol'1S.cm2.mol' S.cm2.mol’1 S.cm^mol'1
0.13 236.53 0.09 256.52 0.10 229.92 0.17 232.28
0.24 238.04 0.24 257.50 0.22 226.08 0.34 232.40
0.36 239.28 0.38 258.40 0.33 222.40 0.49 232.73
0.51 240.35 0.49 258.86 0.43 218.73 0.67 232.80
0.64 240.94 0.62 259.19 0.54 214.81 0.83 233.41
0.77 241.44 0.74 259.64 0.69 211.29 0.99 234.02
0.89 241.89 0.88 260.03 0.79 209.51 1.15 234.69
1.03 242.29 0.99 260.47 0.93 207.50 1.31 235.70
1.17 242.64 1.14 260.93 1.06 205.44 1.46 236.29
1.29 243.11 1.31 261.68 1.18 203.90 1.59 237.44
1.42 243.48 1.59 262.56 1.47 202.15 1.94 239.33
1.54 243.98 1.75 263.16 1.62 200.70 2.09 240.29
1.66 244.29 1.89 263.70 1.76 200.30 2.24 241.14
1.82 244.85 2.05 264.04 1.89 199.64 2.42 241.94
1.98 245.40 2.21 264.52 2.02 198.49 2.56 243.01
2.12 245.91 2.37 265.17 2.15 197.71 2.71 243.72
2.26 246.38 2.58 266.04 2.29 196.73 2.89 244.36
2.46 246.82 2.78 266.76 2.44 195.99 3.07 245.03
2.64 202.92 2.97 267.20 2.60 195.24 3.26 246.10
3.11 267.33 2.77 194.73 3.46 246.96
Table 11. Conductance data for the titration o f Ln(CF3S 0 3)3 with L2 in DMF at 298.15 K.
[Gd3+] = 1.02 x 10'5 
[L2]= 1.36 x 10'4 
mol.dm'3
[Tb3+] =
[L2]=
mol.dm'3
9.79x 10b 
1.3x 10-4
[Er3+] =
[L2]=
mol.dm'3
1.0 x 10'5 
1.3x 10'4
[Ho3+] =
[L2]=
mol.dm'3
9.9x 10'b 
1.2x 10'5
[L]/[M3+] A m
S.cm2.mor'
[L]/[MJ+] Am
S.cm2.mol'1
[L]/[M3+j A m
S.cm2.mol'1
[L]/[M3+j A m
S.cn^.mol'1
0.07 243.64 0.14 230.66 0.12 230.82 0.13 204.44
0.16 238.23 0.26 230.68 0.29 232.00 0.26 204.95 .
0.26 231.44 0.39 231.04 0.45 233.08 0.39 204.93
0.37 227.46 0.55 231.81 0.62 234.23 0.52 205.15
0.48 225.51 0.69 233.06 0.79 236.92 0.66 205.62
0.64 221.42 0.84 234.43 1.01 240.07 0.82 205.99
0.77 218.48 0.97 235.51 1.19 244.60 0.96 206.55
0.87 214.88 1.09 236.66 1.37 248.09 1.11 207.49
0.98 212.76 1.21 237.34 1.56 252.18 1.25 208.45
1.10 211.45 1.38 239.09 1.75 256.15 1.42 209.90
1.24 210.22 1.72 242.63 2.15 264.07 1.56 210.96
1.35 209.58 1.89 245.19 2.35 268.85 1.72 212.38
1.47 208.81 2.04 247.13 2.60 275.05 1.88 213.98
1.59 207.19 2.23 250.27 2.85 280.55 2.04 215.83
1.70 206.25 2.39 253.29 3.15 280.61 2.21 217.76
1.84 205.55 2.57 256.08 3.39 284.82 2.38 219.68
1.96 203.9 2.77 259.73 3.62 288.68 2.54 221.49
2.11 202.93 2.94 262.49 3.87 486.98 2.74 224.13
2.26 202.15 3.13 264.96 4.09 512.98 2.91 226.17
2.42 201.35 3.31 267.48 4.41 527.83 3.21 229.99
Table 12. Conductance data for the titration of Ln(CF3S 0 3)3 and Ag(C104) with L2 in DMF at 298.15 K.
[Yb3+] = 1.06 x 10'5 
[L2]= 1.24 x 10'4 
mol.dm'3
[Sc3+] = 9.79 x 10'6 
[L2]= 1.15 x 10'4 
mol.dm'3
[Y3+] =
[L2]=
mol.dm'3
1.0 x 10'5 
1.3x 10-4
[Ag1+] =
[L2]=
mol.dm'3
1.2x 10'5 
1.3x 10'5
[L]/[M3+] A m [L]/[M3+] A m [L]/[M3+j A m [L]/[M3+j Am
S.cm2.mol'1 S.cm^mol'1 S.cm2.mol'1 S.cm2.mol'1
0.16 243.95 0.15 211.07 0.17 242.45 0.12 214.08
0.32 243.46 0.28 212.17 0.31 242.91 0.24 218.57
0.48 243.09 0.44 213.44 0.47- 243.64 0.34 222.82
0.63 243.14 0.63 215.11 0.65 245.00 0.49 231.01
0.78 243.35 0.82 216.60 0.79 246.04 0.60 237.47
0.90 243.54 0.98 217.05 0.98 247.48 0.73 244.48
1.04 244.16 1.17 219.07 1.15 248.65 0.86 250.89
1.22 245.39 1.36 221.47 1.32 249.90 0.97 254.95
1,39 246.64 1.56 224.04 1.56 251.19 1.10 259.05
1.55 248.01 1.97 231.36 1.79 252.71 1.24 262.6
1.74 250.08 2.16 233.91 1.99 254.05 1.50 268.64
1.89 251.78 2.37 236.69 2.21 255.52 1.66 272.11
2.04 253.44 2.53 238.80 2.43 256.92 1.80 275.35
2.21 255.42 2.77 242.11 2.64 258.20 1.94 278.51
2.39 257.61 2.99 245.16 2.85 259.55 2.11 281.88
2.59 260.26 3.23 248.50 3.05 260.71 2.28 285.36
2.79 262.55 3.46 251.46 3.26 262.28 2.46 289.29
3.01 265.90 3.82 257.28 3.51 262.86 2.6 292.83
3.22 268.77 3.77 264.84 2.81 297.3
3.37 270.71 3.97 266.05 3.04 301.05
3.5.Conductimetric titration studies for the complexation of Ln with L3 in CH3CN  
at 298.15 K.
z - u  /
Table 13:.Conductance data for the titration o f Ln(CF3S 0 3)3 with L3 in CH3CN at 298.15 K.
[La3+] = 9.9x 10*b 
[L3]= 2.88 x ltr4 
mol.dm*3
[Pr3+] = 9.56x 10*6 
[L3]= 2.93 x 10*4 
mol.dm*3
[Nd3+] = 9.7x 10*6 
[L3]= 3.03 x 10*4 
mol.dm*3
[E u 3+] = 9.9x 10*b 
[L3]= 2.94 x 10*4 
mol.dm*3
[L]/[M3+]
S.cm2.mol‘1
[L]/[M3+] A m
S. cm2.mol*1
[L]/[M3+j A m
S.cmlmol'1
[L]/[M3+j Am
S.cm^mor1
0.25 362.63 375.40 0.24 0.07 341.73 0.11 422.92
0.46 357.95 375.19 0.30 0.16 341.78 0.22 422.00
0.57 354.95 374.55 0.50 0.31 341.83 0.34 421.16
0.67 353.12 373.73 0.76 0.43 341.92 0.49 420.07
0.86 348.49 373.26 0.90 0.56 341.96 0.60 419.12
0.98 346.22 373.05 1.06 0.69 342.01 0.76 418.07
1.13 345.50 372.72 1.17 0.85 342.00 0.87 417.68
1.66 343.77 372.56 1.32 0.99 342.06 0.97 417.32
1.84 343.32 372.55 1.45 1.12 342.29 1.11 416.66
2.00 342.89 372.39 1.63 1.26 342.50 1.26 416.08
2.17 342.66 371.97 1.94 1.42 342.69 1.38 415.58
2.35 342.26 371.86 2.12 1.56 342.93 1.54 415.09
2.56 341.67 371.63 2.31 1.75 343.17 1.75 414.55
2.68 341.16 371.48 2.52 1.95 343.42 1.92 413.99
2.78 342.20 371.26 2.75 2.15 343.80 2.11 413.53
2.86 342.96 371.06 2.95 2.40
2.64
344.19
344.58
2.28
2.52
413.11
412.10
Table 14. Conductance data for the titration of Ln(CF3S 0 3)3 with L3 in CH3CN at 298.15 K.
[Gd3+] = 8.9x 10*b 
[L3]= 2.77 x 10'4 
mol.dm*3
[Tb3+] = 8.0 x 10*6 
[L3]= 2.58 x 10*4 
mol.dm*3
[Er3+] = 9.79 x 10*6 
[L3]= 3.21 x 10*4 
mol.dm*3
[ H o 3+] = 8.39x 10*6 
[L3]= 2.23 x 10*4 
mol.dm'3
[L]/[M3+] A m
S.cm^mor1
[L]/[M3+] Am
S.cm^mol*1
[L]/[M3+j A m
S.cm2.mol'1
[L]/[M3+] A m
S.cm^mol*1
0.14 413.18 0.08 397.09 0.05 460.43 0.10 412.50
0.29 408.22 0.18 396.50 0.18 457.89 0.23 411.65
0.46 402.42 0.27 395.88 0.27 454.93 0.36 410.92
0.60 398.19 0.37 395.00 0.37 451.94 0.49 410.05
0.74 393.36 0.47 394.43 0.47 448.90 0.61 409.48
0.84 390.69 0.56 394.14 0.56 446.35 0.73 408.93
0.95 389.29 0.67 393.43 0.67 443.64 0.87 407.89
1.09 388.02 0.83 392.93 0.83 441.05 1.00 407.37
1.23 386.73 1.01 392.45 1.18 434.64 1.16 406.78
1.39 385.03 1.22 392.4 1.37 432.17 1.33 406.38
1.53 383.78 1.37 392.1 1.56 429.69 1.53 405.81
1.67 382.52 1.51 391.7 1.75 427.94 1.71 405.34
1.83 381.45 1.67 391.4 1.93 426.49 1.91 404.98
1.99 380.28 1.81 391.1 2.13 424.80 2.09 404.60
2.22 378.86 1.97 390.8 2.31 423.28 2.33 403.96
2.47 377.66 2.18 390.4 2.59 424.80 2.53 403.30
2.74 376.20 2.32 390.1 2.84 402.70
Table 15. Conductance data for the titration o f Ln(CF3S 0 3)3 with L3 in CH3CN at 298.15 K.
[Yb3+] = 9.1 x 10*b 
[L3]= 4.03 x 10* mol.dm*3
[Sc3+] = 9.0x 10*6 
[L31= 3.52 x 10*4 mol.dm*3
[Y3+] = 9.9x 10'6 
rL3]= 3.42 x 10*4 mol.dm*3
[L]/[MW] A m
S.cm2.mor’
[L]/[M3+
]
A m
S.cm^mol*1
[L]/[M3+] A m
S.cm2.mor'
0.14 385.01 0.12 379.50 0.14 429.62
0.31 383.04 0.23 378.97 0.29 428.82
0.47 381.22 0.36 378.52 0.45 427.83
Z-VJO
0.59 380.30 0.51 378.05 0.58 427.17
0.74 378.61 0.63 377.72 0.72 426.43
0.88 377.91 0.76 377.24 0.88 425.84
1.10 376.20 0.90 377.09 1.02 425.25
1.31 375.13 1.04 376.61 1.17 424.79
1.49 374.43 1.21 376.44 1.47 423.82
1.66 374.23 1.34 376.18 1.62 423.44
1.85 374.15 1.48 375.91 1.79 423.30
2.02 373.72 1.63 375.64 1.97 422.88
2.17 373.57 1.79 375.36 2.15 422.49
2.38 373.18 1.92 375.20 2.36 422.18
2.57 372.81 2.13 374.89 2.57 421.72
2.85 372.54 2.81 421.36
3.6.Conductimetric titration studies for the complexation o f Ln3+ with L3 in CH3CN 
at 298.15 K  (using the non- dried salts).
Table 16. Conductance data for the titration o f LnfCFsSC^ with L3 in CH3 CN at 298.15 K.
[La3+] = 
fL31= 4.02
9.9x 10'b 
x 10-4 mol.dm'3
[Pr3+] = 9.56x 10'6 
[L3]= 5.12 x 10'4mol.dm'3
[Nd3+] = 9.7x 10'6 
fL31= 4.89 x 10*4 mol.dm'3
[L]/[MJ+] Am S.cm2.mor‘ [L]/[MJ+] Am
S.cm2.mor1
[L]/[M3+j Am
S.cm2.mol'1
286.6 0.03 0.05 389.59 0.05 390.2
285.8 0.11 0.10 389.84 0.16 388.4
285.4 0.17 0.15 389.51 0.21 389.2
285.1 0.21 0.20 390.84 0.26 390.1
284.7 0.32 0.25 392.13 0.31 391.0
284.2 0.39 0.30 392.82 0.37 392.1
283.8 0.44 0.38 394.54 0.41 392.8
283.3 0.50 0.44 396.30 0.46 393.8
283.1 0.55 0.50 398.68 0.51 395.2
282.7 0.59 0.56 400.62 0.57 396.3
282.2 0.64 0.63 402.45 0.62 397.1
281.8 0.72 0.69 404.08 0.67 398.0
281.4 0.78 0.75 405.31 0.72 398.9
281.1 0.82 0.88 407.71 0.77 399.6
280.7 1.04 1.00 409.26 0.82 400.3
280.2 1.23 1.12 410.86 0.97 401.8
280.0 1.36 1.24 412.19 1.08 402.9
279.7 1.47 1.37 413.58 1.18 403.5
279.5 1.53 1.49 414.93 1.28 404.6
279.4 1.75 1.61 416.08 1.38 405.4
279.4 1.88 1.73 416.60 1.54 406.0
279.3 2.02 1.98 417.00 1.69 406.2
279.3 2.25 2.22 417.50 1.84 406.3
279.2 2.31 2.46 417.90 2.00 406.6
279.2 2.47 2.69 418.20 2.15 406.9
Table 17. Conductance data for the titration o f Ln(CF3S 0 3)3 with L3 in CH3CN at 298.15 K. 
m  3+n Z  rTnZ m -6 m ^ 3+i — c Qv 1 n 6 rrrv->3+i ~  c~n ^ ir r6 rPi-3+i =[Eu3+] = 9.9x 10'6 
[L3]= 5.64 x 10'4 
mol.dm'3
[Gd3+] = 8.9x 10'6 
[L3]= 5.12 x 10-4 
mol.dm'3
[Tb3+] = 8.0 x 10'6 
[L3]= 3.88 x 10'4 
mol.dm'3
[Er3+] = 9.79 x 10'6 
[L3]= 5.43 x 10'4 
mol.dm'3
[L]/[MJ1 Am
S.cm2.mol'1
[L]/[M4+] Am
S.cm2.mol'1
[L]/[M3+j Am
S.cmlmol'1
[L]/[M3+j Am
S.cm2.mol'1
0.06 368.09 0.04 379.60 0.06 418.09 0.08 399.98
0.12 366.30 0.07 379.40 0.12 416.30 0.16 398.43
0.18 364.99 0.11 379.22 0.18 227.00 0.22 397.21
0.24 365.55 0.15 378.78 0.24 415.55 0.28 397.45
0.30 367.17 0.20 377.82 0.30 417.17 0.34 397.65
4 \ j y
0.37 368.23 0.26 376.66 0.37 419.00 0.43 400.23
0.45 369.80 0.31 378.00 0.45 420.50 0.48 402.30
0.52 372.00 0.37 379.38 0.52 422.00 0.54 404.11
0.60 374.00 0.42 380.26 0.60 424.00 0.62 406.15
0.67 376.13 0.48 381.89 0.67 426.13 0.68 409.08
0.75 378.33 0.55 383.18 0.75 428.33 0.74 410.94
0.84 380.20 0.62 384.60 0.84 430.20 0.83 413.07
0.90 381.28 0.70 385.57 0.90 431.28 0.92 415.82
0.99 382.30 0.82 387.80 0.99 432.00 1.00 416.38
1.08 383.00 0.91 389.55 1.08 432.59 1.10 416.75
1.17 383.90 1.10 392.00 1.17 433.74 1.21 417.41
1.26 385.00 1.19 393.06 1.26 433.90 1.30 417.40
1.35 385.60 1.29 394.07 1.35 434.40 1.40 417.81
1.50 385.90 1.46 395.34 1.50 435.00 1.61 418.09
1.65 386.00 1.67 396.00 1.65 435.40 1.82 418.32
1.80 386.40 1.83 396.20 1.80 435.80 2.01 418.67
1.95 386.70 2.01 396.40 1.95 436.40 2.20 418.71
2.10 386.90 2.20 397.00 2.10 436.70 2.40 419.11
2.25 387.20 2.38 397.40 2.25 437.20 2.59 419.50
Table 18. Conductance data for the titration o f Ln(CF3S 0 3)3 with L3 in CH3CN at 298.15 K.
t t t _ 3 + i  _  o  o n . ,  i a -6 nr t i — r ^ 7 u 3 + i Z  n T i II 1 A’6 r c O + l  Z  a  a , ,  1 A '6 r v 3+l  IT[Ho3+] = 8.39x 10'6 [L3]= 
5.02 x 10'4 mol.dm'3
[Yb3+] = 9.1 x 10'6 
[L3]= 5.26 x 10'4 
mol.dm'3
[Sc3+] = 9.0x 10'6 
[L3]= 5.39 x 10-4 
mol.dm'3
[Y3+] = 
[L3]= 4. 
mol.dm'3
9.9x 10'6 
78 x 10'4
[L]/[M3+] A m
S.cm2.mol'1
[L]/[M3+] A m
S.cm2.mol'1
[L]/[M3+j A m
S.cm2.mol'1
[L]/[M3+j A m
S.cm2.mol'1
0.01 430.39 0.08 419.98 0.05 413.18 0.02 421.8
0.06 429.12 0.13 418.08 0.19 408.25 0.09 420.0
0.12 428.23 0.19 416.79 0.37 402.43 0.15 418.7
0.17 425.61 0.24 416.80 0.50 398.19 0.21 416.9
0.23 424.84 0.30 417.07 0.64 393.37 0.25 416.2
0.28 425.17 0.35 417.50 0.74 390.69 0.32 414.1
0.34 425.30 0.42 418.20 0.85 389.30 0.38 412.5
0.39 425.51 0.49 419.06 0.99 388.02 0.44 411.1
0.45 425.84 0.57 419.90 1.13 386.74 0.52 408.9
0.50 425.95 0.64 420.80 1.29 385.04 0.63 405.9
0.56 426.19 0.71 422.00 1.43 383.78 0.71 403.8
0.66 426.86 0.85 423.29 1.58 382.53 0.80 401.6
0.72 427.10 0.97 423.65 1.74 381.46 0.88 399.7
0.77 427.88 1.11 423.93 1.89 380.29 0.96 397.1
0.83 428.54 1.25 424.24 2.12 379.00 1.05 396.8
0.88 429.34 1.38 424.52 2.38 378.20 1.15 396.8
0.93 429.72 1.52 424.93 2.45 377.40 1.25 396.9
0.99 430.18 1.66 425.05 2.60 376.50 1.46 397.2
1.08 430.69 1.80 425.15 2.70 376.07 1.67 397.6
1.18 431.25 1.93 425.22 1.88 397.8
1.26 431.49 2.07 425.35 2.09 397.9
1.35 431.94 2.21 425.33 2.30 398.1
3.7. Conductimetric titration studies for the complexation of Ln3+ with L3 in DM F at
298.15 K.
Table 19. Conductance data for the titration of Ln(CF3S 0 3)3 with L3 in CH3CN at DMF. 15 K. 
t t  „^+i _  n  1 a -6  nr a i — rt>^ 3+i = o  Z  1 A '6 =  o  1 a -6 rmZ+i HT"[La^] = 9.9x 10'6 [L3]= 
9.9 x 10'5 mol.dm'3
[Pr3+] = 9.56 x 10'6 
[L3]= 9.98 x 10'5 
mol.dm'3
[Nd3+] = 9.7x 10'6 
[L3]= 1.0 x 10'4 
mol.dm'3
[Eu3+] = 9.9x 10'b 
[L3]= 9.9 x 10'5 
mol.dm'3
[L]/[M3+] A m
S.cm2.mol'1
[L]/[M3+] A m
S.cm2.mor'
[L]/[M3+j A m
S.cm2.mol'1
[L]/[M3+j A m
S.cm2.mol'1
0.03 286.6 0.10 389.84 0.11 388.9 0.06 368.09
Z, ! \ J
0.11 285.8 0.15 389.51 0.21 389.2 0.12 366.30
0.17 285.4 0.20 390.84 0.26 390.1 0.18 364.99
0.24 285.1 0.25 392.13 0.37 392.1 0.24 365.55
0.30 284.7 0.38 394.54 0.41 392.8 0.30 367.17
0.36 284.2 0.44 396.30 0.46 393.8 0.37 368.23
0.46 283.8 0.50 398.68 0.51 395.2 0.45 369.80
0.52 283.3 0.56 400.62 0.62 397.1 0.52 372.00
0.58 283.1 0.63 402.45 0.67 398.0 0.60 374.00
0.63 282.2 0.69 404.08 0.72 398.9 0.67 376.13
0.77 281.8 0.75 . 405.31 0.77 399.6 0.75 378.33
0.88 281.1 1.00 409.26 0.87 400.9 0.84 380.20
0.99 280.9 1.12 410.86 1.08 402.9 0.90 381.28
1.24 280.2 1.24 412.19 1.18 403.5 0.99 382.30
1.36 280.0 1.37 413.58 1.38 405.4 1.17 383.90
1.42 279.7 1.61 416.08 1.54 406.0 1.26 385.00
1.57 279.5 1.73 416.60 1.69 406.2 1.35 385.60
1.78 279.4 1.98 417.00 1.84 406.3 1.50 385.90
1.84 279.4 2.22 417.50 2.15 406.9 1.65 386.00
1.99 279.3 2.46 417.90 2.41 407.3 1.80 386.40
2.01 279.3 2.69 418.20 2.66 407.7 1.95 386.70
2.29 279.3 2.93 418.50 2.92 408.0 2.10 386.90
2.74 279.1 2.55 388.00
Table 20. Conductance data for the titration o f Ln(CF3S 0 3)3 with L3 in DMF at 298.15 K.
[Gd3+] = 8.9x 10'b [Tb3+] = 8.0 x 10'6 [Er3+] = 9.79 x 10'6 [Ho3+] = 8.39x 10'6
[L3]= 9.99 x 10'5 [L3]= 9.09 x 10'5 [L3]= 1.05 x  IQ-4 [L3]= 9.59 x 10°
mol.dm'3 mol.dm' mol.dm' mol.dm"
[L]/[M"+] A m [L]/[M3+] Am [L]/[M3+j A m [L]/[M3+j A m
S.cm2.mol'1S.cm^mol'1 S.cm2.mol'1 S.cm2.mol'1
0.07 379.40 0.06 418.09 0.08 399.98 0.06 429.12
0.11 379.22 0.12 416.30 0.16 398.43 0.12 428.23
0.15 378.78 0.18 227.00 0.22 397.21 0.17 425.61
0.20 377.82 0.24 415.55 0.28 397.45 0.23 424.84
0.26 376.66 0.30 417.17 0.34 397.65 0.28 425.17
0.31 378.00 0.37 419.00 0.43 400.23 0.34 425.30
0.37 379.38 0.45 420.50 0.48 402.30 0.39 425.51
0.42 380.26 0.52 422.00 0.54 404.11 0.45 425.84
0.48 381.89 0.60 424.00 0.62 406.15 0.56 426.19
0.55 383.18 0.67 426.13 0.68 409.08 0.61 426.60
0.62 384.60 0.75 428.33 0.74 410.94 0.66 426.86
0.70 385.57 0.84 430.20 0.83 413.07 0.72 427.10
0.91 389.55 0.90 431.28 0.92 415.82 0.77 427.88
1.10 392.00 0.99 432.00 1.00 416.38 0.83 428.54
1.19 393.06 1.17 433.74 1.10 416.75 0.93 429.72
1.29 394.07 1.26 433.90 1.21 417.41 0.99 430.18
1.46 395.34 1.35 434.40 1.30 417.40 1.08 430.69
1.67 396.00 1.50 435.00 1.40 417.81 1.18 431.25
1.83 396.20 1.65 435.40 1.61 418.09 1.26 431.49
2.01 396.40 1.80 435.80 1.82 418.32 1.35 431.94
2.20 397.00 1.95 436.40 2.01 418.67 1.46 432.42
2.38 397.40 2.10 436.70 2.20 418.71 1.57 432.92
2.56 397.60 2.25 437.20 2.40 419.11 1.79 433.61
Table 21. Conductance data for the titration o f Ln(CF3S 0 3)3 with L3 in DMF at 298.15 K.
[Yb3+] = 9.1 
= 9.69 x 10'
x 10'6 [L3] 
5 mol.dm'3
[Sc3+] = 9.0x 10'6 [L3] 
= l.Ox 10'4 mol.dm'3
[L ]/[f*n A m / S.cm2.mol'1 [L]/[Mi+] A m / S.cm^mol*1
0.08 419.98 0.05 413.18
0.13 418.08 0.16 408.25
0.19 416.79 0.39 402.43
Z, / 1
0.24 416.80 0.50 398.19
0.30 417.07 0.64 393.37
0.35 417.50 0.74 390.69
0.42 418.20 0.85 389.30
0.49 419.06 0.99 388.02
0.57 419.90 1.29 385.04
0.64 420.80 1.43 383.78
0.71 422.00 1.58 382.53
0.85 423.29 1.74 381.46
0.97 423.65 1.89 380.29
1.11 423.93 2.12 379.00
1.25 424.24 2.38 378.20
1.38 424.52 2.65 377.40
1.52 424.93
1.93 425.22
2.21 425.33
3.8. Conductimetric titration studies for the complexation o f Ln with L4 in CH3CN
298.15 K.
Table 22. Conductance data for the titration o f Ln(CF3S 0 3)3 with L4 in CH3CN at 298.15 K.
[La3+] = 1.19 x 10'" 
[L4]= 4.89 x 10'4 
mol.dm'3
[Pr3+] -  1.9 x 10'5 
[L4]= 4.9 x 10-4 
mol.dm'3
[Nd3+] = 1.0 x 10'" 
[L4]= 4.0 x 10'4 
mol.dm'3
[ E u 3+] = 10 x 10'" 
[L4]= 40 x 10'4 
mol.dm'3
[L]/[M3+] A m [L]/[M3+] A m [L]/[M3+j Am [L]/[M3+j Am
S.cm2.mor' S. cm2, mo I'1 S. cm2, mo I'1 S.cm2.mol'1
0.13 370.0 0.07 402.0 0.07 378.0 0.07 366.0
0.30 364.0 0.15 397.0 0.15 373.0 0.11 364.0
0.41 360.0 0.23 390.0 0.23 366.0 0.17 361.0
0.57 355.0 0.30 385.0 0.30 361.0 0.22 358.2
0.74 349.0 0.38 380.0 0.38 354.0 0.30 354.4
0.90 344.0 0.46 375.0 0.46 349.0 0.36 352.0
1.04 341.0 0.56 370.0 0.56 343.0 0.49 345.2
1.17 339.0 0.69 360.0 0.63 337.0 0.52 343.6
1.28 338.0 0.75 355.0 0.69 334.0 0.56 341.7
1.38 336.5 0.85 350.0 0.75 331.0 0.62 339.0
1.50 336.0 0.93 345.0 0.85 325.0 0.66 337.8
1.59 335.5 1.01 340.0 1.01 316.0 0.73 334.0
1.68 335.0 1.08 338.0 1.08 314.0 0.81 332.0
1.81 334.7 1.16 336.0 1.16 312.0 0.86 330.0
1.93 334.4 1.24 335.0 1.31 310.0 0.99 326.0
2.05 333.0 1.31 334.0 1.37 309.0 1.04 325.0
2.15 332.7 1.37 333.0 1.41 308.5 1.10 324.3
2.24 332.5 1.41 332.5 1.50 308.0 1.21 322.7
2.36 332.3 1.50 332.0 1.60 307.0 1.29 322.1
1.70 330.5 1.70 306.5 1.38 322.0
1.80 330.0 1.80 306.0 1.55 321.2
Table 23. Conductance data for the titration o f Ln(CF3SQ3)3 with L4 in CH3CN at 298.15 K.
m _  1 1 a-5 rT a i — rrr u 3+i  — Z  1 /v 5 — o n  Z  m - 5 r v u 3+i  I[Gd3+] = 16 x 10'5 [L4]= 
5.Ox 10'4 mol.dm'3
[Tb3+] = 1.0 x 10'5 
[L4]= 5.0 x 10*4 
mol.dm'3
[Er3+] = 3.7 x 10'5 
[L4]= 4.9 x 10'4 
mol.dm'3
[Yb3+] = l . lx  10'^  
[L4]= 3.9 x 10'4 
mol.dm'3
[L]/[M3+] A m
S.cm2.mol'1
[L]/[M3+] Am
S. cm2, mol'1
[L]/[M3+j Am
S.cm2.mol'1
[L]/[M3+j Am
S.cm2.mol'1
0.06 388.0 0.17 349.0 0.15 342.0 0.15 403.0
0.14 383.0 0.22 346.0 0.23 334.0 0.23 396.0
0.25 375.0 0.29 342.0 0.30 329.0 0.30 392.0
0.32 270.0 0.38 338.0 0.38 322.0 0.38 385.0
£* I
0.39 366.0 0.43 335.5 0.46 317.0 0.46 379.0
0.50 359.0 0.49 332.2 0.56 311.0 0.56 371.0
0.57 355.0 0.56 328.7 0.63 305.0 0.63 366.0
0.71 347.0 0.66 324.8 0.69 302.0 0.69 360.0
0.83 338.0 0.76 321.7 0.75 298.0 0.75 356.0
0.96 333.0 0.86 318.6 0.85 292.0 0.85 350.0
1.09 331.0 0.95 316.2 0.93 288.0 0.93 346.0
1.26 328.0 1.04 313.2 1.01 283.0 1.01 341.0
1.43 326.0 1.10 311.3 1.08 280.0 1.08 339.0
1.60 325.0 1.21 309.7 1.16 278.0 1.31 334.0
1.78 324.0 1.29 309.1 1.31 275.0 1.37 333.0
1.95 323.0 1.38 308.6 1.37 274.0 1.41 332.5
2.12 322.0 1.48 308.4 1.41 273.0 1.50 332.3
2.29 321.0 1.55 308.0 1.50 272.0 1.60 332.0
2.46 320.0 1.65 307.6 1.60 271.0 1.70 331.5
2.68 213.0 1.74 307.2 1.70 270.0 1.80 331.0
2.07 306.0 2.00 267.0 2.10 330.0
Table 24. Conductance data for the titration o f Ln(CF3S 0 3)3 and Ag(C104) with L4 in CH3CN at 298.15 K
[Sc3+] = 1.4 x 10'5 
[L4]= 3.2 x 10'4 mol.dm’3
[Y3+] = 1.9 x lO'* 
[L4]= 4.7 x 10"4 mol.dm'3
[Ag+] = 1.9 x 10'5 
[L4]= 4.7 x IQ-4 mol.dm’3
[L]/[M3+] A m S.cm2.mol'1 [L]/[M3+] Am/S.cm2.mol'1 [L]/[M3+j A m /  S.cm^mol'1
0.05 402.0 0.11 377.0 0.06 231.0
0.13 397.0 0.16 374.0 0.12 230.0
0.22 392.0 0.22 371.0 0.16 229.0
0.30 385.0 0.27 368.0 0.22 228.0
0.38 380.0 0.32 365.0 0.25 227.0
0.46 375.0 0.38 362.0 0.31 226.0
0.54 369.0 0.43 359.0 0.36 225.0
0.62 363.0 0.49 356.0 0.41 224.0
0.70 358.0 0.54 353.0 0.46 223.0
0.78 353.0 0.59 350.0 0.53 221.0
0.86 348.0 0.65 347.0 0.58 220.0
0.94 343.0 0.70 344.0 0.69 218.0
1.02 338.0 0.75 341.0 0.79 216.0
1.11 335.0 0.86 335.0 0.85 215.0
1.21 333.0 0.97 329.0 0.98 213.0
1.43 331.0 1.02 328.0 1.03 212.4
1.54 330.0 1.08 327.0 1.09 211.9
1.64 329.0 1.13 326.5 1.15 211.5
1.75 328.0 1.19 326.0 1.21 211.0
1.86 327.0 1.27 325.5 1.30 210.5
1.97 326.0 1.35 325.0 1.40 210.0
2.18 324.0 1.51 324.0 1.60 209.0
2.29 323.0 1.62 323.5 1.70 208.5
2.40 322.0 1.73 323.0 1.80 208.0
2.51 321.0 1.83 322.5 2.00 207.0
3.9.Conductimetric titration studies for the complexation of Ln
298.15 K.
3+ with L4 in DM F at
Table 25. Conductance data for the titration o f Ln(CF3S 0 3)3 with L4 in DMF at 298.15 K.
[Sc3+] = 2.04x 10'3 [L4] 
= 2.18 x 10'4 mol.dm’3
[La3+] = 2.08 x 10’* 
[L4]= 2.54 x \0A 
mol.dm'3
[Eu3+] = 5.0 x 10’5 
[L4]= 5.8 x 10’4 
mol.dm'3
[Tb3+] = 3.0 x 10’5 
[L4]= 3.92 x 10’4 
mol.dm'3
[L]/[M3+] Am
S.cm2.mol'1
A m
S.cm2.mol‘l
[L]/[M3+j Am
S.cm2.mol'1
[L]/[M3+j A m
S.cm^mol'1
0.12 224.00 0.12 204.00 0.14 204.00 0.20 256.15
0.29 227.50 0.27 205.50 0.26 205.50 0.34 259.25
z, /
0.45 230.50 0.35 207.00 0.39 207.00 0.49 262.32
0.62 234.23 0.53 209.00 0.55 209.00 0.68 266.32
0.80 236.92 0.72 210.50 0.70 210.50 0.88 269.32
1.01 240.70 0.80 211.90 0.84 211.90 1.03 272.23
1.19 244.60 0.95 213.00 0.97 213.00 1.22 275.08
1.38 248.09 1.05 214.00 1.10 214.00 1.41 277.47
1.56 252.18 1.20 216.00 1.22 216.00 1.61 280.04
1.75 256.15 1.36 218.00 1.55 219.50 1.84 284.03
1.95 259.63 1.53 219.50 1.72 221.50 2.03 287.06
2.15 264.07 1.70 221.50 1.90 223.00 2.21 289.86
2.36 268.85 1.87 223.00 2.05 225.00 2.42 292.69
2.60 275.05 2.02 225.00 2.23 226.80 2.56 295.11
2.85 280.55 2.20 226.80 2.39 228.00 2.75 299.12
3.15 280.61 2.37 228.00 2.57 231.00 3.02 301.94
Table 26. Conductance data for the titration of Ln(CF3S 0 3)3 with L4 in DMF at 298.15 K. 
iv - ' j3 + n  z  O /Cf 7 1 n - 5  r\7 u3 +i Z -j aq Z  irr5[Gd3+] = 2.65 x 10° 
TL41= 3.15 x 10'4 mol.dm'3
[Yb3+] = 3.48 x 10'5 
1X4]= 4.81 x 10'4 mol.dm'3
[L]/[MJ+] A m S.cm2.mor‘ [L]/[M3+] a  J  S.cm2.mol'1
0.17 220.00 0.17 230.00
0.31 222.00 0.31 231.00
0.46 224.00 0.47 232.50
0.65 226.00 0.65 234.00
0.85 228.00 0.80 235.00
1.00 230.00 0.99 237.19
1.09 232.00 1.15 238.56
1.28 234.00 1.32 239.81
1.39 236.00 1.57 241.20
1.38 238.00 1.79 242.72
1.45 240.62 2.00 244.05
1.55 242.63 2.22 245.52
1.68 245.19 2.44 247.02
1.81 247.13 2.65 248.70
2.00 250.27 2.85 249.87
2.18 252.99 3.05 250.71
2.39 255.58 3.27 252.28
3.10. Conductimetric titration studies for the complexation o f Ln with L5 in CH3CH  
at 298.15 K.
Table 27. Conductance data for the titration of Ln(CF3S 0 3)3 with L5 in CH3CN at 298.15 K.
[Sc3+] = 
[L5] = 
mol.dm'
5.3 x 10'5 
5.5 x 10'4
[La3+] = 5.38 x 10° 
[L5]= 4.5 x 10*4 
mol.dm'3
[Pr3+] = 5.5 x 10*5 
[L5]= 6.5 x 10'4 
mol.dm'3
[Nd3+] = 5.0 x 10° 
[L5]= 5.8 x 10'4 
mol.dm'3
[L]/[MJ+] Am
S.cm^mol'1
[L]/[M3+] A m
S.cm^mol'1
[L]/[M3+j A m
S.cm2.mol'1
[L]/[M3+] Am
S.cm2.mol'1
0.02 354 0.06 367.0 0.13 330.0 0.09 393.44
0.12 352.6 0.16 340.0 0.20 319.0 0.19 376.75
0.19 351.6 0.25 320.0 0.26 300.0 0.34 359.02
0.28 350.8 0.32 300.0 0.35 288.0 0.46 346.73
0.39 350 0.44 270.0 0.43 270.0 0.49 351.71
0.50 349.3 0.57 235.0 0.51 250.0 0.55 356.84
0.61 348.7 0.71 203.9 0.59 240.0 0.63 360.46
0.73 348 0.83 188.0 0.66 229.0 0.73 363.17
0.85 347.6 0.96 173.0 0.74 216.0 0.83 366.12
0.95 347.3 1.26 146.0 0.82 202.8 0.93 369.96
1.05 347 1.43 140.0 0.91 188.0 1.03 372.15
1.25 346.6 1.60 135.0 1.08 164.6 1.36 377.15
1.34 346.5 1.78 130.0 1.32 154.0 1.47 378.03
Z .  /  “ T
1.45 346.4 1.95 127.0 1.40 150.0 1.61 378.95
1.60 346.3 2.12 124.0 1.49 146.0 1.74 380.02
1.76 346.2 2.29 120.0 1.57 144.0 1.89 381.17
1.90 346.2 2.46 115.0 1.65 142.0 2.02 381.98
2.10 346.2 2.68 110.0 1.73 140.0 2.15 383.04
2.20 346.1 1.82 138.0 2.21 383.96
2.50 346 2.06 135.0 2.75 386.89
Table 28. Conductance data for the titration o f Ln(CF3S 0 3)3 with L5 in CH3CN at 298.15 K.
m  3+n Z 7"^  ~ 1 rv-5 Z c  O  7 1 n * 5  r/^lj3+l Z A  A  7 1 A ' 5  rt?^ 3+1 ~[Eu3+] = 4.2 x 10'3 
[L5]= 5.4 x 1 O'4 mol.dm'3
[Tb3+] = 5.2 x 10'5 
[L5]= 6.0 x 10'4 
mol.dm'3
[G < n  =
[L5]= 5 
mol.dm'3
4.0 x 10'3 
.2 x 10'4
[Er3+] = 4.0 x 10'3 
[L5]= 5.2 x 10'4 
mol.dm'3
[L]/[M3+] A m
S.cm^mol'1
[L]/[M3+] A m
S.cm^mol'1
[L]/[M3+j A m
S.cm2.mol'1
[L]/[M3+1 A m
S.cm2.mol'1
0.21 368.42 0.03 350.82 0.12 394.49 0.03 350.86
0.36 374.63 0.12 350.30 0.20 388.23 0.12 350.35
0.44 378.64 0.19 350.00 0.26 380.97 0.19 3502
0.57 381.86 0.28 349.50 0.36 373.29 0.28 349.75
0.69 382.48 0.39 349.03 0.50 365.47 0.39 349.00
0.84 382.45 0.50 348.55 0.56 369.97 0.50 348.56
0.98 381.32 0.62 348.03 0.65 374.40 0.62 348.00
1.12 382.15 0.74 347.50 0.73 380.34 0.74 347.55
1.29 383.24 0.85 347.30 0.80 384.28 0.85 347.38
1.41 384.67 0.95 347.04 0.90 388.18 0.95 347.05
1.56 386.58 1.05 346.80 1.19 279.49 1.05 346.87
1.88 390.12 1.12 346.66 1.33 280.91 1.25 346.61
2.03 392.03 1.25 346.61 1.49 283.00 1.34 346.51
2.19 394.47 1.34 346.51 1.67 284.79 1.45 346.38
2.37 396.75 1.45 346.38 1.82 287.86 1.59 346.30
2.52 398.44 1.59 346.32 1.96 290.06 1.76 346.20
2.72 400.32 1.76 346.28 2.11 292.07 1.90 346.22
2.92 402.46 1.90 446.27 2.29 294.81 2.10 346.23
3.09 404.58 2.15 346.22 2.47 299.08 2.20 346.17
Table 29. Conductance data for the titration o f Ln(CF3SQ3)3 with L5 in CH3CN at 298.15 K.
m r_3+i Z  7 " n  Z  1 n -5  r v r u 3+i  — «  a Z  1 rr5[Ho3+] = 4.0 x 10° 
1X51= 5.5 x 10'4 mol.dm'3
[Yb3+] =
TL51 = 6.9 x 10-4
5.4 x 10'3 
mol.dm'3
[L]/[M3+] A m
S.cm2.mor'
[L]/[M3+] A m
S.cm2.mol'1
0.08 355.13 0.079 377.72
0.18 348.24 0.20 363.97
0.31 340.55 0.30 353.37
0.43 334.11 0.39 343.80
0.56 330.2 0.49 336.17
0.68 327.60 0.58 344.34
0.79 323.47 0.63 351.32
0.92 319.37 0.69 356.92
1.05 314.85 0.77 361.38
1.16 311.12 0.84 364.25
1.46 304.83 0.93 367.95
1.57 306.56 1.01 369.75
1.66 311.34 1.05 371.11
1.79 316.52 1.14 372.51
1.94 323.27 1.22 374.10
2.06 327.93 1.31 375.70
2.21 333.44 1.41 377.06
2.23 334.55 1.56 378.07
2.31 337.99 1.90 379.57
I
Z, / J
3.11. Conductimetric titration studies for the complexation o f Ln3+ with L5 in DMF at
298.15 K.
Table 30. Conductance data for the titration o f Ln(CF3S 0 3)3 with L5 in DMF at 298.15 K. 
rcO+n Z i 1 /v 5 t t  „3+i  — o no Z ir r 5 rvM3+i Z Z  m -5 rrru 3+i[Sc3*] = 
[L5] = 
mol.dm'3
1.95x 10'5 
2.08 x 10'4
[La3+] = 2.08 x 10'5 
[L5]= 2.54 x 10'4 
mol.dm'3
[Nd3+] = 5.0 x 10'5 
[L5]= 5.8 x 10'4 
mol.dm'3
[Tb3+] = 3.0 x 10'5 
[L5]= 3.92 x 10'4 
mol.dm'3
[L]/[M3+] Am
S.cm2.mol'1
[L]/[M3+] A m
S.cn^.mol'1
[L]/[M3+i A m
S.cm2.mol'1
[L]/[M3+j A m
S.cn^.mol'1
0.15 200.15 0.12 220.15 0.09 241.04 0.20 256.15
0.29 203.25 0.25 223.25 0.23 243.25 0.34 259.25
0.44 206.32 0.41 226.32 0.38 246.32 0.49 262.32
0.63 210.32 0.59 230.32 0.57 250.32 0.68 266.32
0.83 213.32 0.79 233.32 0.77 253.32 0.88 269.32
0.98 216.23 0.95 236.23 0.92 256.23 1.03 272.23
1.17 219.08 1.14 239.08 1.11 259.08 1.22 275.08
1.36 221.47 1.32 241.47 1.30 261.47 1.41 277.47
1.56 224.04 1.52 244.04 1.50 264.04 1.61 280.04
1.79 228.03 1.75 248.03 1.73 268.03 1.84 284.03
1.98 231.06 1.94 251.06 1.92 271.06 2.03 287.06
2.16 233.86 2.13 253.86 2.10 273.86 2.21 289.86
2.37 236.69 2.34 257.00 2.31 276.69 2.42 292.69
2.54 239.11 2.50 261.00 2.48 278.24 2.56 295.11
2.78 243.12 2.74 264.00 2.72 281.02 2.75 299.12
2.93 245.94 2.89 268.00 2.87 283.25 3.02 301.9
Table 31. Conductance data for the titration of Ln(CF3SQ3)3 withL5 in DMF at 298.15 K. 
Z Z m-5 r v u 3+i — i a o  Z 1 a-5[Gd3+] = 2.65 x 10'" 
[L5]= 3.15 x 10'4 mol.dm'3
[Yb3+] = 3.48 x 10'5 
1X51=4.81 xlO*4 mol.dm'3
[L]/[M3+] Am S.cm^mol'1 [L]/[M3+] Am/S.cm^mol'1
0.17 236.56 0.13 242.65
0.31 242.35 0.27 248.29
0.46 248.65 0.42 255.29
0.65 255.65 0.61 261.28
0.85 260.23 0.81 270.29
1.00 265.98 0.96 277.99
1.19 271.32 1.15 285.32
1.38 277.47 1.34 291.47
1.58 282.65 1.54 297.89
1.81 288.59 1.77 304.95
2.00 293.26 1.96 310.82
2.18 298.65 2.14 317.92
2.39 305.65 2.35 325.00'
2.56 310.80 2.52 330.19
2.70 315.23 2.76 340.46
3.00 321.65 2.91 348.29
3.12. Conductimetric titration studies for the complexation Ln3+ with L 6 in CH3CN at
298.15 K.
Table 32. Conductance data for the titration of Ln(CF3S 0 3)3 with L6 in CH3CN at 298.15 K.
[La3+] = lx  10'5 
[L6]= 4.5 x 10'4 mol.dm'3
[Pr3+] = 1.38 x 10'5 
[L6]= 4.0 x 10'4 
mol.dm'3
[Nd3+] = 1.5 x 10'5 
[L6]= 3.5 x 10'4 
mol.dm'3
[ E u 3+] = 1.0 x 10° 
[L6]= 3.8 x 10‘4 
mol.dm'3
[L]/[M3*] Am
S.cm2.mor'
[L]/[M3+] A m
S.cmlmol'1
[L]/[M3+j A m
S.cm2.mol'1
[L]/[M3+j A m
S.cm^mor1
0.06 380.0 0.06 382.6 0.06 354.0 0.12 392.6
z, / u
0.13 387.0 0.12 392.6 0.12 359.7 0.18 398.8
0.20 391.4 0.18 398.8 0.20 366.6 0.24 407.6
0.26 396.0 0.24 407.6 0.27 374.2 0.28 414.3
0.35 404.0 0.28 414.3 0.37 384.7 0.36 423.7
0.45 412.6 0.36 423.7 0.45 392.3 0.41 431.8
0.51 418.0 0.41 431.8 0.57 403.7 0.47 441.1
0.59 425.0 0.47 441.1 0.68 413.6 0.54 452.0
0.66 430.0 0.54 453.0 0.78 422.2 0.60 459.0
0.75 438.0 0.60 462.4 0.89 429.6 0.65 466.0
0.81 443.0 0.65 471.3 1.01 435.7 0.73 474.0
0.92 452.0 0.73 481.6 1.14 440.3 0.84 490.0
1.05 457.0 0.84 494.6 1.37 443.0 0.95 501.6
1.14 458.0 0.95 501.6 1.50 444.3 1.03 506.6
1.28 458.3 1.03 506.6 1.61 445.0 1.14 509.7
1.44 458.5 1.14 509.7 1.74 445.0 1.24 511.2
1.60 459.0 1.24 511.2 1.91 446.0 1.36 512.4
1.78 459.7 1.36 512.4 2.03 445.9 1.48 513.3
1.98 460.6 1.48 513.3 2.19 446.0 1.55 513.7
2.12 462.0 1.55 513.7 2.32 446.6 1.69 514.0
2.23 463.3 1.69 514.0 2.44 447.0 1.89 514.7
2.40 464.0 1.89 514.7 2.59 447.0 2.16 514.3
Table 33. Conductance data for the titration of Ln(CF3S 0 3)3 with L6 in CH3CN at 298.15 K.
[Gd3+] = 1.2 x 10'5 
[L6]= 5.4 x IQ-4 mol.dm'3
[Er3+] = 1.0 x 10'" 
[L6]= 4.5 x 10A 
mol.dm'3
[ H o 3+]  = 1.0 x 10'5 
[L6]= 4.5 x 10A 
mol.dm'3
[Yb3+] = 1.4 x 10'" 
[L6]= 4.9 x 10'4 
mol.dm'3
[L]/[M3+] A m
S.cm2.mol'1
[L]/[M3+] A m
S.cm2.mol'1
[L]/[M3+j A m
S.cm2.mol'1
[L]/[M3+j A m
S.cm2.mol'1
0.16 385.0 0.05 336.0 0.17 335.6 0.19 360.7
0.24 389.3 0.12 344.0 0.21 340.6 0.27 372.1
0.30 393.0 0.19 350.0 0.29 347.7 0.34 380.4
0.33 396.0 0.28 360.0 0.37 356.6 0.45 394.1
0.41 400.0 0.38 369.0 0.45 367.9 0.57 408.9
0.48 405.0 0.46 380.0 0.55 377.4 0.68 422.1
0.58 410.0 0.57 390.0 0.65 388.7 0.75 430.0
0.70 418.0 0.69 400.0 0.70 393.6 0.89 442.5
0.80 424.0 0.79 411.3 0.74 400.0 1.01 449.4
0.89 430.0 0.90 420.3 0.85 411.0 1.15 456.2
1.04 434.8 1.06 427.0 0.93 417.4 1.25 459.7
1.17 434.6 1.25 431.0 1.02 421.1 1.37 462.1
1.45 434.9 1.37 431.3 1.19 424.7 1.50 464.0
1.56 435.0 1.49 432.0 1.27 425.0 1.61 465.8
1.69 435.2 1.57 432.0 1.35 425.0 1.74 466.0
1.88 435.8 1.65 432.5 1.45 425.7 1.91 466.4
1.99 435.9 1.79 433.0 1.52 426.0 2.03 466.6
2.18 436.0 1.89 433.0 1.61 426.0 2.19 467.0
2.30 435.9 2.05 433.2 1.73 426.0 2.32 467.6
2.46 436.7 2.25 433.7 1.78 426.0 2.44 468.0
2.58 436.9 2.43 433.9 1.92 426.4 2.61 468.3
Table 34. Conductance data for the titration o f Ln(CF3S03)3 and Ag(C104) with L6 in CH3CN at 298.15 K.
[Sc3+] = 1.8 x 10'5 
[L6]= 6.0 x 10'4 mol.dm'3
[Y3+] = 1.9 x 10'" 
fL61= 6.0 x IQ-4 mol.dm'3
[Ag3+] = 1.19 x 10'" 
|X6]= 4.89 x 10'4 mol.dm'3
[L]/[M3+] Am
S.cm2.mor'
[L]/[M3+] Am
S.cm2.mol'1
[L]/[M3+j Am
S.cm2.mol'1
0.11 360.0 0.09 339.73 0.08 183.5
0.17 361.5 0.18 317.58 0.17 179.5
0.22 362.6 0.30 297.34 0.23 177.0
0.30 364.5 0.42 286.78 0.32 173.4
0.35 366.0 0.48 282.37 0.43 169.3
0.41 367.0 0.69 298.25 0.52 166.4
0.48 369.0 0.82 306.76 0.61 162.7
0.56 371.0 0.93 313.10 0.69 159.8
0.64 373.0 1.04 317.26 0.79 156.9
0.76 375.5 1.16 321.22 0.86 154.6
0.85 377.4 1.31 324.00 0.97 152.0
0.96 380.0 1.44 327.47 1.05 150.4
1.05 381.1 1.56 329.81 1.23 148.4
1.14 381.2 1.69 330.50 1.33 148.0
1.25 381.3 1.79 331.43 1.40 148.3
1.32 381.4 1.92 332.44 1.50 148.6
1.42 381.4 2.19 333.67 1.59 148.4
1.54 382.0 2.35 333.99 1.68 148.4
1.68 381.6 2.49 334.46 1.75 148.3
1.79 381.8 2.63 334.92 1.85 148.1
1.91 381.8 2.78 335.89 2.00 148.0
2.05 382.0 2.94 336.18 2.18 148.0
2.15 382.1 2.32 148.0
3.13. Conductimetric titration studies for the complexation o f Ln3+ with L6 in DMF
298.15 K.
Table 35. Conductance data for the titration o f Ln(CF3S03)3 with L6 in DMF at 298.15 K.
[La3+] = 1.4 x 10'3 [Nd3+] = 1.9 x 10'3 [Gd] = 10 x 10'3 [Ho3+] = 3.7 x 10'3
[L61= 3.2 x 10'4 mol.dm'3 [L6]= 4.7 x 10'4 [L6]= 40 x 10'4 [L6]= 4.9 x 10'4
mol.dm' mol.dm' mol.dm'
[L]/[M3+] A m
S.cm2.mol'1
[L]/[m 31 Am
S.cm2.mol'1
[L]/[M3+j A m
S.cm^mol'1
[L]/[M3+j Am
S.cm2.mol'1
0.01 382.0 0.08 379.9 0.15 365.6 0.03 386.4
0.03 383.0 0.22 380.3 0.32 366.5 0.08 387.4
0.08 386.0 0.32 380.7 0.51 368.0 0.15 389.2
0.15 389.0 0.44 381.2 0.64 369.1 0.24 391.7
0.24 393.0 0.55 381.5 0.79 369.9 0.36 394.9
0.36 397.0 0.63 381.7 0.93 370.9 0.49 398.2
0.50 403.0 0.75 382.2 1.14 371.8 0.63 401.8
0.66 410.0 0.84 382.5 1.32 372.7 0.78 405.9
0.85 418.0 0.95 382.7 1.50 373.9 0.94 409.8
1.05 426.0 1.04 383.0 1.64 375.0 1.11 413.9
1.29 436.0 1.15 383.2 1.75 376.0 1.49 423.0
1.82 458.0 1.25 383.5 1.85 376.8 1.70 427.9
2.12 470.0 1.32 383.7 1.97 377.6 1.92 433.5
2.44 480.0 1.42 383.9 2.08 378.4 2.15 439.0
2.79 490.0 1.54 384.2 2.19 379.0 2.40 444.8
3.16 500.0 1.66 384.7 2.25 379.6 2.65 450.9
3.56 510.0 1.78 385.0 2.30 380.6 2.92 457.4
3.97 520.0 1.89 385.2 2.404 381.9 3.20 464.0
4.41 460.0 1.99 385.4 2.50 383.9 3.49 470.7
4.88 470.0 2.10 385.8 2.60 384.6 4.30 490.7
5.69 480.0 2.21 386.0 5.22 512.4
3.14. Conductimetric titration studies for the complexation o f Ln3+ with L7 in CH3CN
298.15 K.
z, / o
Table 36. Conductance data for the titration of Ln(CF3S03)3 with L7 in CH3CN at 298.15 K.
[LaJ+] = 1.19 x 10'5 [Pr3+] = 1.9 x 10'" [Nd3+] = 1.0 x lO'" [Er3+] = 3.7 x 10-s
[L7]= 4.89 x IQ-4 [L7]= 4.9 x 10'4 [L7]= 4.0 x 10'4 [L7]= 4.9 x 10
mol.dm'3 mol.dm' mol.dm' mol.dm"
[L]/[M31 Am
S. cm2, mol'1
[L]/[M3+j A m
S.cm^mol'1
[L]/[M3+j A m
S.cm2.mol'1
[L]/[M3+j Am
S.cm2.mol'1
0.13 370.0 0.07 402.0 0.15 373.0 0.07 348.0
0.30 364.0 0.15 397.0 0.23 366.0 0.15 342.0
0.41 360.0 0.23 390.0 0.30 361.0 0.23 334.0
0.57 355.0 0.30 385.0 0.38 354.0 0.30 329.0
0.74 349.0 0.38 380.0 0.46 349.0 0.38 322.0
0.90 344.0 0.46 375.0 0.56 343.0 0.46 317.0
1.04 341.0 0.56 370.0 0.63 337.0 0.56 311.0
1.17 339.0 0.63 365.0 0.69 334.0 0.63 305.0
1.28 338.0 0.69 360.0 0.75 331.0 0.69 302.0
1.38 336.5 0.75 355.0 0.85 325.0 0.75 298.0
1.50 336.0 0.85 350.0 0.93 321.0 0.85 292.0
1.59 335.5 0.93 345.0 1.01 316.0 0.93 288.0
1.68 335.0 1.01 340.0 1.08 314.0 1.01 283.0
1.81 334.7 1.08 338.0 1.16 312.0 1.08 280.0
1.93 334.4 1.16 336.0 1.31 310.0 1.24 276.0
2.05 333.0 1.24 335.0 1.37 309.0 1.31 275.0
2.15 332.7 1.31 334.0 1.41 308.5 1.37 274.0
2.24 332.5 1.37 333.0 1.50 308.0 1.41 273.0
2.36 332.3 1.41 332.5 1.60 307.0 1.50 272.0
2.10 353.6 1.50 332.0 1.70 306.5 1.60 271.0
2.21 354.0 1.60 331.0 1.80 306.0 1.70 270.0
1.70 330.5 1.90 305.7 1.80 269.0
Table 37. Conductance data for the titration of Ln(CF3S 03)3 with L7 in CH3CN at 298.15 K.
[Eu3+1 = 10 x 10'5 [Gd3+] = 16 x lO'5 [Tb3+] = 1.0 x 10'5 [Yb34] = l .lx  10'5
[L71= 40 x 10 mol.dm [L7]= 5.0x 10'4 [L7]= 5.0 x 10'4 [L7]= 3.9 x 10"
mol.dm'3 mol.dm' mol.dm'
[L]/[M3+] A m
S.cm2.mor*
[L]/[M3+j A m
S.cm2.mol'1
[L]/[M3+j Am
S.cm2.mor'
[L]/[M3+j Am
S.cm2.mol'1
0.07 366.0 0.06 388.0 0.07 353.5 0.15 403.0
0.11 364.0 0.14 383.0 0.17 349.0 0.23 396.0
0.22 358.2 0.25 375.0 0.22 346.0 0.30 392.0
0.30 354.4 0.32 270.0 0.29 342.0 0.38 385.0
0.36 352.0 0.39 366.0 0.38 338.0 0.46 379.0
0.43 348.0 0.50 359.0 0.43 335.5 0.56 371.0
0.49 345.2 0.57 355.0 0.49 332.2 0.63 366.0
0.56 341.7 0.71 347.0 0.56 328.7 0.69 360.0
0.62 339.0 0.83 338.0 0.66 324.8 0.75 356.0
0.66 337.8 0.96 333.0 0.76 321.7 0.85 350.0
0.73 334.0 1.09 331.0 0.86 318.6 0.93 346.0
0.81 332.0 1.26 328.0 0.95 316.2 1.01 341.0
0.95 327.0 1.43 326.0 1.04 313.2 1.16 337.0
0.99 326.0 1.60 325.0 1.10 311.3 1.31 334.0
1.04 325.0 1.78 324.0 1.21 309.7 1.37 333.0
1.21 322.7 1.95 323.0 1.38 308.6 1.41 332.5
1.29 322.1 2.12 322.0 1.48 308.4 1.50 332.3
1.38 322.0 2.29 321.0 1.55 308.0 1.60 332.0
1.48 321.5 2.46 320.0 1.65 307.6 1.70 331.5
1.55 321.2 2.68 213.0 1.74 307.2 1.80 331.0
1.85 320.6 1.95 306.4 2.00 330.2
/ y
Table 38. Conductance data for the titration of Ln(CF3SQ3 ) 3  with L7 in CH3CN at 298.15 K.
r n  3+1 Z  7~a IT 1 r\-5 rx  >-3 + i  Z  Z n  ~ 1 n-5 r  A Z Z n Z 1ft"5[Sc3+] = 1.4 x 10'5 
[L7]= 3.2 x IQ-4 mol.dm'3
[Y3+] = 1.9 x 10'" 
|X71= 4.7 x 10'4 mol.dm*3
[Ag+] = 1.9 x 10° 
[L7]= 4.7 x 10"4 mol.dm'3
[L]/[M3+] A m
S.cm2.mol'1
[L]/[M3+j A m
S.cm2.mor’
[L]/[M3+j A m
S.cm2.mol'1
0.13 397.0 0.05 380.0 0.06 231.0
0.22 392.0 0.11 377.0 0.12 230.0
0.30 385.0 0.16 374.0 0.16 229.0
0.38 380.0 0.22 371.0 0.22 228.0
0.46 375.0 0.27 368.0 0.25 227.0
0.54 369.0 0.32 365.0 0.31 226.0
0.62 363.0 0.38 362.0 0.36 225.0
0.70 358.0 0.43 359.0 0.41 224.0
0.78 353.0 0.49 356.0 0.46 223.0
0.86 348.0 0.54 353.0 0.53 221.0
0.94 343.0 0.59 350.0 0.58 220.0
1.02 338.0 0.65 347.0 0.64 219.0
1.11 335.0 0.97 329.0 0.69 218.0
1.21 333.0 1.02 328.0 0.91 214.0
1.32 332.0 1.08 327.0 0.98 213.0
1.43 331.0 1.13 326.5 1.03 212.4 ~
1.54 330.0 1.19 326.0 1.09 211.9
1.64 329.0 1.27 325.5 1.15 211.5
1.75 328.0 1.35 325.0 1.21 211.0
1.86 327.0 1.43 324.5 1.30 210.5
1.97 326.0 1.51 324.0 1.40 210.0
2.08 325.0 1.62 323.5 1.50 209.5
2.18 324.0 1.73 323.0 1.60 209.0
2.29 323.0 1.83 322.5 1.70 208.5
3.15. Conductimetric titration studies for the complexation of Ln3+ with L7 in DMF
298.15 K.
Table 39. Conductance data for the titration of Ln(CF3SQ3 )3 with L7 in DMF at 298.15 K. 
tt _3+n Z T~a 1 a -5  Z Z n  73 in-5 vn.A~\ — 773 333 in-5 rar^3+i[La3+] = 1.4 x 10'5 
[L7]= 3.2 x 10'4 mol.dm'3
[Nd3+] = 1.9 x 10'5 
[L7]= 4.7 x 10'4 
mol.dm'3
[Gd] = 10 x 10'5 
[L7]= 40 x 10-4 
mol.dm'3
[H o 3+] = 3.7 x 10‘s 
[L7]= 4.9 x 10'4 
mol.dm'3
[L]/[M3+] Am
S.cm2.mol'1
[L]/[M3+j Am
S.cm^mol'1
[L]/[M3+j Am
S.cm^mol"1
[L]/[M3+j Am
S.cm2.mol'1
0.01 382.0 0.08 379.9 0.15 365.6 0.03 386.4
0.03 383.0 0.22 380.3 0.32 366.5 0.08 387.4
0.08 386.0 0.32 380.7 0.51 368.0 0.15 389.2
0.15 389.0 0.44 381.2 0.64 369.1 0.24 391.7
0.24 393.0 0.55 381.5 0.79 369.9 0.36 394.9
0.36 397.0 0.63 381.7 0.93 370.9 0.49 398.2
0.50 403.0 0.75 382.2 1.14 371.8 0.63 401.8
0.66 410.0 0.84 382.5 1.32 372.7 0.78 405.9
0.85 418.0 0.95 382.7 1.40 373.9 0.94 409.8
1.05 426.0 1.04 383.0 1.64 375.0 1.11 413.9
1.29 436.0 1.15 383.2 1.50 376.5 1.30 . 418.3
1.54 447.0 1.32 383.7 1.75 376.0 1.49 423.0
1.82 458.0 1.42 383.9 1.85 376.8 1.70 427.9
2.12 470.0 1.54 384.2 1.97 377.6 1.92 433.5
2.44 480.0 1.66 384.7 2.08 378.4 2.15 439.0
2.79 490.0 1.78 385.0 2.19 379.0 2.40 444.8
3.16 500.0 1.89 385.2 2.25 379.6 2.65 450.9
3.56 510.0 1.99 385.4 2.30 380.6 2.92 457.4
3.97 520.0 2.10 385.8 2.40 381.5 3.20 464.0
4.41 460.0 2.21 386.0 3.49 470.7
I
APPENDIX 4: X-ray crystallography data for E l
Carried out by Prof. E. E. Castellano and Dr. O. Piro at the Instituto de Pisica de Sao 
Carlos, Universidade de Sao Paulo, C.P. 369,13560 Sao .Carlos (SP), Brazil.
Table 4.1. Crystal data and structure solution methods and refinement results for LI and 
Protonated LI complexes with acetonitrile
■ C 7 g H m F i2 N 5 0 j .5 S 4E m p i r i c a l  .fo rm u la  
F o rm u la  w e ig h t  
T e m p e ra tu re
L o w - te m p e ra tu r e  d e v ic e  
C o o l in g  r a t e
C r y s t a l  s y s te m , s p a c e  g ro u p  
U n i t  c e l l  d im e n s io n s a
V olum e
Z, C a l c u l a t e d  d e n s i t y  
A b s o r p t io n  c o e f f i c i e n t  
F (000)
C r y s t a l  s i z e  
C r y s t a l  c o l o r / s h a p e  
D i f f r a c t o m e t e r / s c a n  
R a d i a t i o n ,  g r a p h i t e  m o n o c h r .
0  r a n g e  f o r  d a t a  c o l l e c t i o n  
In d e x  r a n g e s
R e f l e c t i o n s  c o l l e c t e d / u n i q u e  
C o m p le te n e s s  t o  8 = 2 5 .0 9  
O b s e rv e d  r e f l e c t i o n s  [ I > 2 a ( I ) ]  
D a ta  r e d u c t i o n  an d  c o r r e c t i o n 1* 
a n d  s t r u c t u r e  s o l u t i o n 0 
a n d  r e f in e m e n t* 1 p ro g ra m s  
R e f in e m e n t  m e th o d
W e ig h ts ,  w
D a t a / r e s t r a i n t s / p a r a m e t e r s  
G o o d n e s s - o f - f i t  on  F2
1730.96 
1 0 0 (1 )  K
O x fo rd  C ry o s y s te m s  
200 K /h
M o n o c l in ic ,  P21/ n
a = 1 2 .9 2 4 3 (2 )  A 
b = 3 0 .0 0 0 1 (4 )  A 
c = 2 2 .8 0 8 7 (3 )  A 
(3 = 9 1 .3 8 2 (1 )°
8 8 4 1 .1 (2 )  A3 
4, 1 .3 0 0  Mg/m3 
0 .1 9 6  mm"1 
•3656
0 . 4 x 0 . 3 x 0 . 2  mm 
T r a n s p a r e n t / f r a g m e n t  
KappaCCD/<{> a n d  cd 
MoK a, 'X=0.71073 A 
1 .1 2  t o  25 .09°
~13<h<114, -2 0 < k < 3 3 , -2 3 < a S 2 3  
7 2 3 2 /5 5 7 1  [ R ( i n t = 0 .0 2 1 7 ]  1 
35.4%
4359
DENZO a n d  SCALEPACK4
SHELXS-975
SHELXL-976
B lo c k e d - m a t r ix  l e a s t - s q u a r e s  
on F2
[o 2 (F02) + (0 . 2P) 2] _1 
P= [Max (F02, 0) +2FC2] / 3  
5 5 7 1 /1 3 6 8 /1 0 3 4  
1 .9 8 4
R 1= 0.1 4 8 0 ,. wR2=0.4 2 0 3  
R 1= 0.1 7 5 4 ,  wR2=0.4 3 8 7  
1.1.7 a n d  - 0 . 8 0  e .A " 3
F i n a l  R i n d i c e s  [ I > 2 a ( I ) ]
R i n d i c e s  ( a l l  d a t a )  
l a r g e s t  d i f f .  p e a k  a n d  h o l e
a L e a s t - s q u a r e s  r e f i n e m e n t  o f  t h e  a n g u l a r  s e t t i n g s  f o r  ? ?  r e f l e c t i o n s  i n
t h e  1 . 12< •S><25 . 09° r a n g e .  
b C o r r e c t i o n s :  L o re n ’t z  'an d  p o l a r i z a t i o n .
c N e u t r a l  s c a t t e r i n g  f a c t o r s  a n d  an o m a lo u s  d i s p e r s i o n  C o r r e c t i o n s .  
d S t r u c t u r e  s o l v e d  b y  d i r e c t  m e th o d s . The f i n a l  m o .le c u la r  m g d e l o b t a i n e d  
b y . a n i s o t r o p i c  b l o c k e d - m a t r i x  l e a s t - s q u a r e s  r e f i n e m e n t  o f  t h e • n o n ­
h y d ro g e n  a to m s .
e R i n d i c e s  d e f i n e d  a s :  Ra=E | | F0| -1 Fc ( | /S  | F0 | ,  wR2= [E w (F 02- F c2) 2/S w (F 02) 2] 1/2.
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Table 4 .2 . Intra-atomic bond distances (A) for L I  (F ig .3 .54).
Bond Bond distance/ A Bond Bond distance/ A
0 (1 1 ) -C (1 1 ) 1.387(4) C (23) -  C (24) 1.392 (5)
0 (1 1 ) -C (1 1 1 ) 1.444(4) C (24) -  C (25) 1.397 (5)
0  (12) -  C (114) 1.427 (5) C (24) -  C (27) 1.532 (5)
0  (12) -  C (115) 1.428(5) C (25) -  C (26) 1.389 (5)
N (1) -  C (116) 1.446(5) C (26) -  C (12’) 1.533 (5)
N ( l ) - C  (113) 1.466(5) C (27) -  C (29) 1.535 (5)
N (1) -  C (112) 1.468 (5) C (27) -  C (28) 1.536(5)
C (11) -  C (16) 1.395(5) C (2 7 )-C (2 1 0 ) 1.542 (6)
C (11) -  C (12) 1.400 (5) C (211 )-C (2 1 2 ) 1.515 (6)
C (12) -  C (13) 1.397 (5) C (213)- C  (214) 1.482 (7)
C (12) -  C (12’) 1.509 (5) C (215)- C  (216) 1.521 (8)
C (1 3 )-C (1 4 ) 1.393 (5) 0  (3 1 )-C  (31) 1.387(4)
C (14) -  C (15) 1.391 (5) 0  (3 1 ) -C  (311) 1.434(4)
C (14) -  C (17) 1.536(5) 0  (32) -  C (314) 1.40 (0)
C (15) -  C (16) 1.402 (5) 0  (32)- C  (315) 1.432 (5)
C (16) -  C (41’) 1.524 (5) N (3) -  C (312) 1.454(5)
C (17) -  C (18) 1.517(6) N (3) -  C (316) 1.465 (5)
C (17) -  C (19) 1.518(6) N (3) -  C (313) 1.469 (5)
C (17) -  C (110) 1.537(6) C (3 1 )-C (3 6 ) 1.387 (5)
C (111) —C (112) 1.509 (6) C (3 1 )-C (3 2 ) 1.390 (5)
C (113)— C (114) 1.503 (6) C (32) -  C (33) 1.390 (5)
C (115) —C (116) 1.510(6) C (32) -  C (34’) 1.516(5)
0  (21) -  C (21) 1.383 (4) C (33) -  C (34) 1.391 (5)
0  (21) -  C (211) 1.412(5) C (34) -  C (35) 1.392 (5)
0  (22) -  C (215) 1.363 (7) C (34) -  C (37) 1.543 (5)
0  (22) -  C (214) 1.381 (7) C (35) -  C (36) 1.393 (5)
N (2) -  C (212) 1.421(6) C (3 6 )-C (3 3 ’) 1.521 (5)
N (2) -  C (213) 1.436(6) C (37) -  C (39) 1.453 (8)
N (2 )-C (2 1 6 ) 1.501 (7) C (37)- C  (310) 1.498 (7)
C (21) -  C (26) 1.394 (5) C (37) -  C (38) 1.581 (7)
C (22) -  C (23) 1.387 (5) C (3 1 1 )-C  (312) 1.512(5)
C (22) -  C (23’) 1.521 (5) C (313)- C  (314) 1.498 (6)
C (315)- C  (316) 1.506 (6) O (4 2 )-  C (415) 1.417(6)
0  (41) -  C (41) 1.388(4) 0  (42) -  C (414) 1.426 (6)
0  (41) -  C (411) 1.435(4) N ( 4 ) - C  (416) 1.457 (5)
C (42) -  C (42) 1.398 (5) N ( 4 ) - C  (413) 1.458(5)
C (41) -  C (46) 1.403 (5) N (4) -  C (412) 1.464 (5)
C (42) -  C (43) 1.386(5) N (5) -  C (514) 1.427 (5)
Table 4 .3 . Intra-atomic bond A n gles (°) for L I  (F ig .3 .54).
Bond bond Angles (°) Bond bond Angles (°)
C (11) -0 (11) -C  (111) 114.8 (3) C (26) -C(21) -C  (22) 120.5 (3)
C(114) -0(12) -C(115) 108.8 (3) C (23) -C(22) -C  (21) 118.3(3)
C (116) -N (l) -C  (113) 109.2 (3) C (23) -C(22) -C  (23’) 119.4 (3)
C (116) -N (l) -C  (112) 111.0 (3) C (21) -C(22) -C  (23’) 122.0 (3)
C (113) -N (l) -C  (113) 112.5 (3) C (22) -C(23) -C  (24) 122.9 (3)
0  (11) -C  (11) -C  (16) 120.2 (3) C (23)-C (24)-C  (25) 116.7 (3)
0  (11)-C  (11)-C  (12) 118.4 (3) C (23) -C(24) -C  (27) 120.8 (3)
C (16) -C  (11) -C  (12) 121.3 (3) C (25) -C(24) -C  (27) 122.5 (3)
C (11) -C  (12) -C  (13) 117.7 (3) C (26) -C(25) -C  (24) 122.9 (3)
C (11) -C  (12) -C  (12’) 121.1 (3) C (25) -C(26) -C  (21) 118.5 (3)
C (13) -C  (12) -C  (12’) 120.9 (3) C (25) -C(26) -C  (12’) 120.1 (3)
C (14) -C  (13) -C  (12) 123.3 (4) C (21) -C(26) -C  (12’) 121.3 (3)
C (13) -C  (14) -C  (15) 116.5 (3) C (24) -C(27) -C  (29) 110.9 (3)
C (13) -C  (14) -C  (17) 119.8 (3) C (24) -C(27) -C  (28) 108.1 (3)
C (15) -C  (14) -C  (17) 123.6 (3) C (29) -C(27) -C  (28) 109.3 (3)
C (14) -C  (15) -C  (16) 123.1 (4) C (24) -C(27) -C  (210) 112.3 (3)
C (11) -C  (16) -C  (15) 117.9(4) C (29) -C(27) -C  (210) 108.2 (3)
C (11) -C  (16) -C  (41’) 121.0 (3) C (28) -C(27) -C  (210) 108.1 (3)
C (15) -C  (16) -C  (41’) 120.2 (3) 0(21) -C(211) -C(212) 106.2 (3)
C (18) -C  (17) -C  (19) 108.6 (4) 0(21) -C(212) -C(211) 118.6(4)
C (18) -C(17) -C (110) 109.3 (4) N (2) -C(212) -C (211) 118.6(4)
C (19) -C(17) -C  (110) 107.6 (4) N (2) -C(213) -C(214) 113.9(4)
C (18) -C(17) -C  (14) 109.6 (3) 0(22) -C(214) -C(213) 108.3 (5)
C (19) -C(17) -C  (14) 112.3 (3) C (312) -N  (3) -C(313) 112.2 (3)
C(110) -C (17)-C  (14) 109.3 (3) C (316)-N  (3)-C(313) 108.2(3)
0(11) -C (l 11) -C (l 12) 112.7 (3) C (36) -C(31) -C  (31) 120.3 (3)
N (1) —C( 112) —C (111) 114.6 (3) C (36) -C(31) -C  (32) 121.6 (3)
N (1) -C (l 13) -C  (114) 110.0 (3) C (31) -C(31) -C  (32) 118.0 (3)
0(12) -C (l 14) -C (l 13) 111.5(4) C (33) -C(32) -C  (31) 118.2 (3)
0(12) -C(115)-C(116) 111.4(4) C (33) -C(32) -C  (34’) 121.9 (3)
N (l) -C (l 16) -C (l 15) 110.2(4) C (31) -C(32) -C  (34’) 119.8 (3)
C (2 1 )-0 (2 1 )-C  (211) 115.3 (3) C (32) -C(33) -C  (34) 122.3 (4)
C(215) -0(22) -C(214) 115.6(5) C (33) -C(34) -C  (35) 117.6 (3)
C (212) -N(2) -C  (213) 113.9(4) C (33) -C(34) -C  (37) 120.2 (3)
C (212) -N(2) -C  (216) 117.7 (4) C (35) -C(34) -C  (37) 122.2 (3)
C (213) -N(2) -C  (216) 106.8 (4) C (36) -C(35) -C  (34) 121.9 (4)
0  (21) -C(21) -C  (26) 120.0 (3) C (31) -C(36) -C  (35) 118.4 (3)
0  (21) -C(21) -C  (22) 119.4 (3) C (31) -C(36) -C  (23’) 120.1 (3)
APPENDIX 5: X-ray crystallography data for L2
Carried out by Prof. E. E. Castellano and Dr. O. Piro at the Institute de Rsica de Sao 
Carlos, Universidade de Sao Paulo, C.P. 369,13560 Sao Carlos (SP), Brazil
Table 5.1. Crystal data and structure solution methods and refinement results for L2 and
Protonated LI complexes with acetonitrile
L ig a n d Com plex
E m p i r ic a l  f o r m u la CgsHiooN^Oe
*
C74Hl07F12N5O20S4
F o rm u la  w e ig h t 1 1 0 1 .5 2 1 7 4 2 .8 9
T e m p e ra tu re  (K) 2 9 3 (2 ) 1 0 0 (2 )
L o w - te m p e ra tu re  d e v ic e O x fo rd  e r y o s y s te m s
C o o lin g  r a t e  (K /h ) 200
C r y s t a l  s y s te m T r h c l i n i c M o n o c l in ic
S p ace  g ro u p P - l P2x/ n
U n it  c e l l  d im e n s io n s 3
a (A) 1 2 .1 4 6 0 (3 ) 1 2 .5 7 1 0 (3 )
b(A ) 2 0 .3 7 2 0 (7 ) 2 9 ,7 3 3 0 (8 )
c  (A) 2 7 .4 5 5 0 (8 ) 2 2 .6 6 0 0  (4)
a ( ° ) 7 3 .1 9 1 (1 )
P(°) 8 5 .6 6 2 (2 ) 9 1 .0 5 3 (2 )
r<°) 8 9 .7 9 4 (2 )
Volume (A3) 6 4 8 3 .3 (3 ) 8 4 6 8 .3 (3 )
Z 4 4 '
C a lc .  D e n s i ty  (Mg/m3) 1 .1 2 9 1 .3 6 7
A b s o r p t . c o e f f . (mm-1) 0 .0 7 3 0 .2 0 8
F (0 0 0 ) . • 24’00 3672
C r y s t a l  s i z e  (mm)‘ .? x ? x  ? 0 .2 4  x  ’0 .2 ' x  0 .0 4
C r y s t a l  c o l o r / s h a p e T r a n s p a r e n t / ? ? T r a n s p a r e n t / p l a t e
D i f f r a c t o m e t e r / s c a n KappaCCD/<() a n d  oo
R a d i a t i o n ,  g r a p h i t e  m o n o ch r. MoKa, X=0. 71073  A
ra n g e  f o r  d a t a  c o l l e c t .  (°) 1 .1 1  t o  25.100 1 .1 3  t o  2 4 .9 7
In d e x  r a n g e s -14< h^l3 , - 2 4 ^ 2 3 , - 3 2 ^ 3 2  0 ^ 1 4 , 0 i ^ 3 5 , -6<£1£2
R e f l e c t . c o l . / u n i q u e 4 2 9 0 6 /2 2 7 7 2 4 2 9 6 4 /1 4 3 4 9
R ( in t ) 0 .0 6 5 0 .0 5 5
O bs. r e f l e c t s .  [ I > 2 a ( I ) ] 13876 10478
C o m p le te n e s s  t o  S = 2 5 ,0 0  (%) 9 9 .6 9 4 .6
D a ta  r e d u c .  a n d  c o r r e c t . 13 • DENZO a n d  SCALEPACK1
a n d  s t r u c t .  s o l u t . c a n d SHELXS-972
re f in e m e n t* 1 p ro g ra m s SHELXL-973
R e f in e m e n t m e th o d F u l l - m a t r i x l e a s t - s q u a r e s  on  F2
W e ig h ts ,  w [cj2 (F02) + (6 . 1 4 8 P )2+ 6 P ] ' 1 (a 2 (Fo2) + ( 0 .0 8 P ) 2+:
P= [M ax(F0 ,0 )  +2F,c2 3 / 3
D a t a / r e s t r a i n t s / p a r a m . 2 2 7 7 2 /0 /1 4 6 5 1 4 3 4 9 /0 /1 1 1 1
G o o d n e s s - o f - f i t  on  F2 1 .0 1 2 1 .1 1 6
F in a l  R - in d e x  [ I > 2 c r ( I ) ] R1“ 0 .0 8 3 8 , wR2=0.2 2 0 1 R 1= 0 .0 8 1 4 , w R 2=0.
R  i n d i c e s  ( a l l  d a t a )  . R 1=0.1 4 1 5 , wR2=0.2 6 8 3 R 1=0.1 1 7  4 , wR2f=0.
L a r g .p e a k  a n d  h o l e  (e .A -3) 1 .3 0  a n d  r 0 .7 1 0 .6 9  a n d  - 0 .4 7
a i L e a s t - s q u a r e s  r e f i n e m e n t  o f  t h e  a n g u l a r  s e t t i n g s  f o r  4 2906  r e f l e c t i o n s ’ i n
t h e  1 . 1 1 < S < 2 5 .0 0 °  r a n g e  f o r  t h e .  l i g a n d  
1 . 13<S<24.9 7 °  r a n g e  f o r  t h e  co m p lex .
an d  42964 r e f l e c t i o n s  i n  t h e ’
b C o r r e c t i o n s :  L o r e n tz  a n d  p o l a r i z a t i o n .
° N e u t r a l  s c a t t e r i n g  f a c t o r s  an d  a n o m a lo u s  d i s p e r s i o n  c o r r e c t i o n s .  
d S t r u c t u r e  s o l v e d ‘b y  d i r e c t  an d  F o u r i e r  m e th o d s .  The. f i n a l  m o l e c u l a r  m o d e l  
• o b ta in e d  b y  a n i s o t r o p i c  f u l l - m a t r i x  l e a s t - s q u a r e s  r e f i n e m e n t  o f  t h e  n o n -  
h y d ro g e n  a t o m s .
e R i n d i c e s  d e f i n e d  a s :  Ri=S|jF0H F cfj/S|F0|, [2w (F 02- F c2) 2/S w (F 02) 2] 1/2 .
XOM-
Table 5.2. Intra-atomic bond distances (A) for L 2 (F ig .3 .55).
Bond Bond distance/ A Bond Bond distance/ A
C (11)-C (16) 1.396(18) C (213) -C (214) 1.4811
C (11)-C (12) 1.400(18) C (214) -C (215) 1.5338
C (12)-C (13) 1.405 (18) C (215) -C (216) 1.5484
C (12) -C (12’) 1.492(18) C (216) -C (217) 1.5221
C (13)-C (14) 1.357(17) C (23’) -C (36) 1.486(15)
C (14) -C (15) 1.398 (18) C (31) -0  (3) 1.391 (16)
C (14) -C (17) 1.53 (2) C (31) -C (32) 1.43 (2)
C (15)-C (16) 1.321 (19) C (31) -C (36) 1.427(19)
C (16) -C (41’) 1.548(14) C (32) -C (33) 1.37(2)
C (17)-C (19) 1.36(3) C (32) -C (34’) 1.532(18)
C (17)-C (18) 1.51 (2) C (33) -C (34) 1.36(2)
C (17) -C(110) 1.73 (3) C (34) -C (35) 1.38(2)
0 (1 )-C (1 1 1 ) 1.418(15) C (34) -C (37) 1.53(2)
C (111) -C (112) 1.446(19) C (35) -C (36) 1.41 (2)
C (112)-N (1) 1.491 (18) C (37) -C (310) 1.46 (2)
N (1 )-C (117) 1.496(17) C (37) -C (39) 1.51 (2)
N (1 )-C (113) 1.546(18) C (37) -C (38) 1.59 (2)
C (113)-C (114) 1.47 (2) 0 (3 )  -C (311) 1.393(17)
C (114)-C (115) 1.53 (2) C (311) -C (312) 1.537(19)
C (115) -C (116) 1.56(2) C (312) -N (3) 1.490(18)
C (116) -C (117) 1.54(2) N (3) -C (317) 1.499(15)
C (12’) -C (26) 1.545(17) N (3) -C (313) 1.536(14)
C (21) -C (22) 1.37(2) C (313) -C (314) 1.54 (2)
C (21) -0  (2) 1.381 (17) C (314) -C (315) 1.510(19)
C (21) -C (26) 1.413(19) C (315) -C (316) 1.510(16)
C (22) -C (23) 1.400(18) C (316) -C (317) 1.500(18)
C (22) -C (23’) 1.537(18) C (34’) -C (46) 1.510(12)
C (23) -C (24) 1.393 (16) C (41) -0  (4) 1.367(15)
C (24) -C (25) 1.42 (2) C (41) -C (42) 1.389(17)
C (24) -C (27) 1.49(2) C (41) -C (46) 1.392(17)
C (25) -C (26) 1.37(2) C (42) -C (43) 1.373 (18)
C (27) -C (28) 1.516(17) C (42) -C (41’) 1.504 (15)
C (27) -C (210) 1.62 (2) C (43) -C (44) 1.397(17)
C (27) -C (29) 1.64(2) C (44) -C (45) 1.411 (18)
0 (2 )  -C (211) 1.427(15) C (44) -C (47) 1.51(2)
C (211) -C (212) 1.514(16) C (45) -C (46) 1.411 (18)
C (212) -N (2) 1.4833 C (47) -C (410) 1.504(18)
N (2) -C (217) 1.5124 C (47) -C (49) 1.527(19)
Table 5.3. Intra-atomic bond A n gles (°) and for L 2 (F ig .3 .55).
Bond Bond Angles / ° Bond Bond Angles / 0
0  (1) -C  (11) -C (16) 117.8(13) C (22) -C(21) -C  (26) 117.0(13)
0  (1) -C  (11) -C (12) 1212.4 (12) C (23) -C(24) -C  (27) 121.3(14)
C (16) - C ( l l )  -C(12) 120.6(15) C (25) -C(24) -C  (27) 121.6(14)
C (13) —C(12) -C (ll) 118.4(13) C (26) -C(25) -C  (24) 120.7(15)
C (13) -C(12) -C(12’) 118.0(11) C (25) -C(26) -C  (21) 120.6 (17)
C (11) -C(12) -C(12’) 123.5 (14) C (25) -C (26)-C  (12’) 116.4(14)
C (14) -C(13) -C(12) 120.9(12) C (21)-C(26) -C  (12’) 122.9(13)
C (13) -C(14) -C(15) 117.6(13) C (28) -C(27) -C  (24) 109.4 (12)
C (13) -C(14) -C(17) 120.6 (12) C (28) -C(27) -C  (210) 108.8 (12)
C (15) -C(14) -C(17) 121.7(12) C (24) -C(27) -C  (210) 114.3(14)
C (16) -C(15) -C(14) 124.6(12) C (28) -C(27) -C  (29) 107.5 (12)
C (15)-C(16) -C (ll) 117.9(13) C (210) -C(27) -C  (29) 110.6(14)
C (15) -C(16) -C(41’) 121.1 (11) C (21) -O  (1) -C  (211) 112.8 (9)
C (11) —C( 16) -C(41’) 120.9 (14) N (2) -C(212) -C  (211) 106.9 (9)
C (19) -C(17) -C(18) 106 (2) C (212) -N(2) -C  (217) 110.5
C (19) -C(17) -C(14) 113.3(14) C (212) -N(2) -C  (213) 109.9
C (18)-C(17) -C(14) 114.7(15) C (217) -N(2) -C  (213) 110.3
C (19) -C(17) -C (ll l) 106 (2) C (214) -C(213) -N  (2) 112.3
C (18) -C(17) -C(110) 116(2) C(213)-C(214)-C(215) 116.5
C (13) -C(12) -C (ll) 100.9(15) N (2) -C(217) -C  (216) 109.8
C ( l l ) - 0  (1) -C (lll) 119.0(11) C (36) -C(23’) -C  (22) 109.4 (10)
0  (1) —C( 111) -C(112) 116.5(11) O (3) -C(31) -C  (32) 118.5(12)
C (11) -C (l 12) -N (l) 118.4(11) O (3) -C(31) -C  (36) 119.0(11)
C (112) -N (l) -C(l 17) 113.4(12) C (32)-C (31)-C  (36) 122.4 (15)
C (112) -N (l) -C(l 13) 108.5(11) C (33) -C(32) -C  (31) 117.6(14)
C (117) -N (l) -C(l 13) 108.8(11) C (33) -C(32) -C  (34’) 121.4(14)
C (114) -C(113) -N(l) 111.3(14) C (31) -C(32) -C  (34’) 120.9(15)
C(113) -C(114)-C(115) 117.7(16) C (32) -C(33) -C  (34) 123.8(16)
C(114) -C(115)-C(116) 105.7(15) C (33) -C(34) -C  (37) 116.2(17)
C( 115) -C ( 116)-C( 117) 115.0(13) C (35) -C(34) -C  (37) 121.2(16)
N (1) -C (l 17)-C(116) 111.0(13) C (34) -C(35) -C  (36) 127.2 (15)
C(22) -C(21)- 0  (2) 111.6(10) C (35) -C(36) -C  (31) 112.5(13)
C (22) -C(21) -C  (26) 119.7(15) C (35) -C(36) -C  (23’) 123.0(13)
0  (2) -C(21) -C  (26) 119.4(16) C (31)-C(36) -C  (23’) 124.5 (12)
C (21) -C(22) -C  (23) 119.4(14) C (310) -C(37) -C  (39) 106.7 (14)
C (21) -C(22) -C  (23’) 122.7(17) C (310) -C(37) -C  (34) 11.8(17)
C (23) -C(22) -C  (23’) 117.6(12) C (39) -C(37) -C  (34) 117.4(15)
C (24) -C(23) -C  (22) 122.2 (14) C (310) -C(37) -C  (38) 105.7(16)
I
APPENDIX 6: X-ray crystallography data for protonated LI 
and L2 complexes of acetonitrile.
Carried out by Prof. E. E. Castellano and Dr. O. Piro at the Instituto de Fisica de Sao 
Carlos, Universidade de Sao Paulo, C.P. 369,13560 Sao Carlos (SP), Brazil.
Table 6.1: Intra-atomic bond distances (A) for the protonated LI (Fig. 3.58).
B o n d  B o n d  d is ta n c e / A B o n d  B o n d  d is ta n c e / A
C ( l l ) - C  (12) 1.387 (7) C (3 1 )-C  (36) 1.402 (7)
C ( l l ) - C ( l l ) 1.388 (6) C (32) -  C (33) 1.401 (7)
C (12) -  C (13) 1.407 (7) C (32) -  C (34’) 1.524 (7)
C (12) -  C (12’) 1.527(8) C (33) -  C (34) 1.388 (8)
C (13) -  C (14) 1.390 (8) C (34) -  C (35) 1.392 (8)
C (14) -  C (15) 1.402(8) C (34) -  C (37) 1.542 (7)
C (14) -  C (17) 1.532 (7) C (35) -  C (36) 1.395 (7)
C (1 5 )-C (1 6 ) 1.379 (7) C (37) -  C (39) 1.498 (9)
C (16) -  C (41’) 1.529 (7) C (37) -  C (310) 1.521 (9)
C (17) -  C (110) 1.475(14) C (37) -  C (38) 1.547 (8)
C (17) -  C (19’) 1.477(15) C (3 1 1 )-C  (312) 1.512(8)
C (17) -  C (19) 1.498(13) C (312)- N  (3) 1.490 (6)
C (17) -  C (18’) 1.515(15) N (3) -  C (313) 1.500 (6)
C (17) -  C (18) 1.625(12) N (3 ) -C  (316) 1.524 (7)
C (1 7 )-  C (11’) 1.653 (16) O ( 3 1 ) - C (311) 1.469 (6)
0  (11) —C (111) 1.438(6) C (313)- C  (314) 1.517(7)
C (111) —C (112) 1.511 (7) C (3 1 4 )-0 (3 2 ) 1.403 (7)
C (1 1 2 )-N  (1) 1.504 (6) O (3 2 )-  C (315) 1.417(7)
N (1) -  C (116) 1.498 (6) C (315)- C  (316) 1.486 (9)
N (1) -  C (216) 1.490(6) C (34’) -  C (46) 1.522 (7)
N (2) -  C (213) 1.492(7) C (4 1 ) -0 (4 1 ) 1.386(6)
C (1 1 5 )-C  (116) 1.512(8) C (41) -  C (42) 1.397 (7)
0  (21) -  C (115) 1.411 (7) C (41) -  C (46) 1.406 (7)
0  (21) -  C (211) 1.443 (6) C (42) -  C (43) 1.386 (7)
C (23) -  C (24) 1.398 (8) C (42) -  C (41’) 1.526(7)
C (24) -  C (25) 1.390 (8) C (43) -  C (44) 1.400 (7)
C (24) -  C (27) 1.529 (7) C (44) -  C (45) 1.394 (8)
C (25) -  C (26) 1.390(7) C (44) -  C (47) 1.540 (7)
C (27) -  C (29’) 1.470(14) C (45) -  C (46) 1.385 (7)
C (27) -  C (28) 1.478(12) C (47) -  C (410) 1.506 (9)
C (27) -  C (21’) 1.503 (12) C (47) -  C (48) 1.523 (8)
z o  /
C (27) - C (28’) 1.628(13) C (47) -  C (49) 1.560 (8)
C (27) - C (29) 1.693(14) 0  (41) -  C (411) 1.444 (6)
C (213) -  C (214) 1.507 (8) C (4 1 1 )-C (4 1 2 ) 1.484 (7)
C (214) -  0  (22) 1.412(7) C (412) - N  (4) 1.499 (6)
C (215) -  C (216) 1.504 (8) N (4) -  C (413) 1.497 (6)
C (23’) -- C (36) 1.519(7) N (4) -  C (416) 1.509 (7)
C (31) - C (32) 1.391 (7) C (413)- C  (414) 1.512(7)
Table 6.2. Intra-atomic bond Angles (°) for the protonated L I  (Fig. 3.58).
Bond Bond Angles / ° Bond Bond An;
C ( l l ) - 0 ( 1 1 ) - C ( l l l ) 121.2 (5) C (26) -C(21) -C  (22) 123.1 (5)
C(114) -0 (1 2 ) -C(115) 121.2 (5) C (23) -C(22) -C  (21) 117.9 (5)
C (116) -N ( l)  -C  (113) 117.5(4) C (23) -C(22) -C  (23’) 12.8 (5)
C (1 1 6 )-N (1 )-C  (112) 118.0 (5) C (21) -C(22) -C  (23’) 121.2(4)
C (113) -N ( l)  -C  (113) 123.4 (5) C (22) -C(23) -C  (24) 116.2 (9)
O (11) -C  (11) -C  (16) 118.5 (5) C (23) -C(24) -C  (25) 113.5 (9)
O (11) -C  (11) -C  (12) 122.4 (5) C (23) -C(24) -C  (27) 111.5 (6)
C (16) -C  (11) -C  (12) 117.2(5) C (25) -C(24) -C  (27) 110.2 (6)
C (11 )-C  (12) -C  (13) 122.1 (5) C (26) -C(25) -C  (24) 110.3 (6)
C (11) -C  (12) -C  (12’) 120.7 (5) C (25) -C(26) -C  (21) 110.4 (6)
C (13) -C  (12) -C  (12’) 122.4 (5) C (25) -C(26) -C  (12’) 106.1 (8)
C (14) -C  (13) -C  (12) 118.6(5) C (21) -C(26) -C  (12’) 106.0 (8)
C (13) -C  (14) -C  (15) 119.8(5) C (24) -C(27) -C  (29) 110.4 (6)
C (13) -C  (14) -C  (17) 121.4(4) C (24) -C(27) -C  (28) 106.8 (9)
C (15) -C  (14) -C  (17) 114.4(11) C (29) -C(27) -C  (28) 102.3 (8)
C (14) -C  (15) -C  (16) 115.0(10) C (24) -C(27) -C  (210) 109.2 (6)
C (11) -C  (16) -C  (15) 106.9 (6) C (29) -C(27) -C  (210) 109.5 (3)
C (11) -C  (16) -C  (41’) 110.2 (7) C (28) -C(27) -C  (210) 105.8 (4)
C (15) -C  (16) -C  (41’) 111.3 (6) 0(21) -C (211) -C(212) 111.9(4)
C (18) -C  (17) -C  (19) 110.0 (7) 0(21)-C (212) -C(211) 109.4 (4)
C (18) -C(17) -C  (110) 107.2 (8) N  (2) -C(212) -C (211) 111.6(4)
C (19) -C(17) -C (110) 105.8 (9) N (2) -C(213) -C(214) 113.2(4)
C (18) -C(17) -C  (14) 111.2 (6) 0(22) -C(214) -C(213) 110.6 (5)
C (19) -C(17) -C  (14) 105.4(4) C (312) - N  (3) -C(313) 112.6(4)
C (110) -C(17) -C  (14) 103.8 (9) C (3 1 6 )-N  (3)-C (313) 110.6(4)
0(11) —C( 111) -C (l 12) 112.3 (7) C (36) -C(31) -C  (31) 111.6(5)
N  (1 )-C (1 1 3 )-C  (114) 119.5 (4) C (3 1 )-C (3 1 )-C  (32) 109.4(4)
0(12) -C(114) -C(113) 109.5 (4) C (33) -C(32) -C  (31) 119.4 (4)
0(12) -C(115) -C(116) 108.8 (4) C (33) -C(32) -C  (34’) 121.5 (5)
N (l)  -C (l 16) -C (l 15) 112.0 (4) C (31) -C(32) -C  (34’) 119.2 (4)
zoo
C (2 1 ) -0 (2 1 ) -C  (211) 113.8(4) C (32) -C(33) -C  (34) 117.8 (5)
C (212) -N (2) -C  (216) 109.8 (4) C (35) -C(34) -C  (37) 122.5 (5)
C (213) -N (2) -C  (216) 111.6 (5) C (36) -C(35) -C  (34) 117.3 (5)
0  (2 1 )-C (2 1 )-C  (26) 110.0(4) C (31) -C(36) -C  (35) 120.3 (5)
0  (21) -C(21) -C  (22) 112.2(4) C (31) -C(36) -C  (23’) 122.4 (5)
Table 6.3: Intra-atomic bond distances (A) for the protonated L 2  (Fig.3.59).
B o n d  B o n d  d is ta n c e / A B o n d  B o n d  d is ta n c e / A
C (1 1 )-C (16) 1.396(18)
C (1 1 ) - C (12) 1.400(18)
C (1 2 )-C (13) 1.405(18)
C (12) -C (12’) 1.492(18)
C (1 3 ) - C (14) 1.357(17)
C (14) - C (15) 1.398(18)
C (1 4 )-C (17) 1.53 (2)
C (1 5 )-C (16) 1.321 (19)
C (16) -C (41’) 1.548(14)
C (17) - C (19) 1.36(3)
C (1 7 ) - C (18) 1.51 (2)
C (17) -C(110) 1.73 (3)
0 (1 )-C (1 1 1 ) 1.418(15)
C (1 1 1 ) - C (112) 1.446(19)
C (112)-N (1) 1.491 (18)
N (1) -C (117) 1.496(17)
N (1) -C (113) 1.546(18)
C (1 1 3 )-C (114) 1.47 (2)
C (114 )-C (115) 1.53 (2)
C (115) -C (116) 1.56(2)
C (22) -C (23) 1.400(18)
C (22) -C (23’) 1.537(18)
C (23) -C (24) 1.393 (16)
C (24) -C (25) 1.42 (2)
C (24) -C (27) 1.49(2)
C (25) -C (26) 1.37(2)
C (27) -C (28) 1.516(17)
C (27) -C (210) 1.62 (2)
C (27) -C (29) 1.64 (2)
0 ( 2 )  -C (211) 1.427(15)
C (211) -C (212) 1.514(16)
C (212) -N (2) 1.4833
C (213)-C (214) 1.4811
C (214) -C (215) 1.5338
C (215) -C (216) 1.5484
C (216) -C (217) 1.5221
C (23’) -C (36) 1.486(15)
C (3 1 )-0 (3 ) 1.391 (16)
C (31) -C (32) 1.43 (2)
C (31) -C (36) 1.427(19)
C (32) -C (33) 1.37(2)
C (32) -C (34’) 1.532(18)
C (33) -C (34) 1.36(2)
C (34) -C (35) 1.38(2)
C (34) -C (37) 1.53 (2)
C (35) -C (36) 1.41 (2)
C (37) -C (310) 1.46 (2)
C (37) -C (39) 1.51 (2)
C (37) -C (38) 1.59(2)
0 ( 3 )  -C (311) 1.393 (17)
C (311) -C (312) 1.537(19)
C (312) -N (3) 1.490(18)
C (316) -C (317) 1.500(18)
C (34’) -C (46) 1.510(12)
C (4 1 )-0 (4 ) 1.367(15)
C (41) -C (42) 1.389(17)
C (41) -C (46) 1.392(17)
C (42) -C (43) 1.373(18)
C (42) -C (41’) 1.504(15)
C (43) -C (44) 1.397(17)
C (44) -C (45) 1.411 (18)
C (44) -C (47) 1.51(2)
C (45) -C (46) 1.411 (18)
C (47) -C (410) 1.504(18)
^ 0 7
N (2) -C (217) 1.5124 C (4 7 )-C (49) 1.527(19)
Table 6.4: Intra-atomic bond Angles (°) for the protonated L2 (Fig.3.59).
B o n d  B o n d  A n g les  /  ° B o n d  B o n d  A n g les  /  0
0  (1) -C  (11) -C  (16) 117.8(13) C (25) -C  (24) -C  (27) 121.6(14)
0  (1) -C  (11) -C  (12) 121.4(12) C (26) -C  (25) -C  (24) 120.7 (15)
C (16) -C  (11) -C  (12) 120.6(15) C (25) -C  (26) -C  (21) 120.6 (17)
C (13) -C  (12) -C  (11) 118.4(13) C (25) -C  (26) -C  (12’) 116.4(14)
C (13) -C  (12) -C  (12’) 118.0(11) C (21) -C  (26) -C  (12’) 122.9 (13)
C (11) -C  (12) -C  (12’) 123.5 (14) C (28) -C  (27) -C  (24) 109.4 (12)
C (14) -C  (13) -C  (12) 120.9 (12) C (28) -C(27) -C  (210) 108.8 (12)
C (13) -C  (14) -C  (15) 117.6(13) C (24) -C  (27) -C(210) 114.3(14)
C (13) -C  (14) -C  (17) 120.6(12) C (28) -C  (27) -C  (29) 107.5 (12)
C (15) -C  (14) -C  (17) 121.7(12) C (24) -C  (27) -C  (29) 110.6(14)
C (16) -C  (15) -C  (14) 124.6 (12) C (210) -C(27) -C  (29) 106.0(16)
C (15) -C  (16) -C  (11) 117.9(13) C ( 2 1 ) -0 (2 )  -C  (211) 112.8(9)
C (15 )-C  (16) -C  (41’) 121.1 (11) C (212) -N (2) -C  (217) 110.5
C (19) -C  (17) -C  (18) 120.9 (14) C (212) -N (2) -C  (213) 109.9
C (19) -C  (17) -C  (14) 113.3(14) C (217) -N (2) -C  (213) 110.3
C (18) -C  (17) -C  (14) 114.7(15) C (214) -C(213) -N  (2) 112.3
C (19) -C(17) -C (110) 106 (2) N (2) -C(217) -C  (216) 109.8
C (18) -C(17) -C (110) 116(2) C (36 )-C  (23’) -C  (22) 109.4 (10)
C (14) -C(17) -C (110) 100.9 (15) 0 ( 3 )  -C  (31)-C  (32) 118.5(12)
C ( l l ) - 0 ( 1 ) - C ( l l l ) 119.0(11) 0  (3) -C  (31) -C  (36) 119.0(11)
0  (1) -C (l 11) -C (l 12) 116.5(11) C (32) -C  (31) -C  (36) 122.4 (15)
C (111) -C (l 12) -N  (1) 118.4(11) C (33) -C  (32) -C  (31) 117.6(14)
C (112) -N ( l)  -C  (117) 113.4(12) C (33) -C  (32) -C  (34’) 121.4(14)
C (112) - N ( l)  -C (l 13) 108.5(11) C (3 1 )-C  (32) -C  (31) 120.9 (15)
C (1 1 7 )-N (1 )-C  (113) 108.8(11) C (32) -C  (33) -C  (34) 123.8 (16)
C (114) -C (1 1 3 )-N  (1) 111.3(14) C (33) -C  (34) -C  (35) 116.2(17)
C(113)-C(114)-C(115) 117.7(16) C (33) -C  (34) -C  (37) 121.9(15)
N (1 )-C  (117) —C( 116) 111.0(13) C (35) -C  (34) -C  (37) 121.2(16)
C (22) -C  (21) -C  (26) 119.7(15) C (35) -C  (36) -C  (23’) 123.0(13)
0  (2) -C  (21) -C  (26) 119.4(16) C (31) -C  (36) -C  (23’) 124.5 (12)
C (21) -C  (22) -C  (23) 119.4(14) C (310) -C(37) -C  (39) 106,7 (14)
C (21) -C  (22) -C  (32’) 122.7(13) C (310) -C(37) -C  (34) 111.8(17)
C (23) -C  (22) -C  (23’) 117.6(12) C (39) -C  (37) -C  (34) 117.4(15)
C (24) -C  (23) -C  (22) 122.2(14) C (310) -C(37) -C  (38) 105.7(16)
C (23) -C  (24) -C  (25) 117.0(13) C (39) -C  (37) -C  (38) 104.4 (17)
C (23) -C  (24) -C  (27) 121.3 (14) C (34) -C  (37) -C  (38) 110.0(13)
z,y \ j
APPENDIX 7: Potentiometric titrations
Table 7.1. Potential (mV) data points for the titration o f  LI with Ln3+(CF3 SC>3 ) 3  in CH 3CN at 
298.15 K vs. the metal cation: ligand concentration ratio.
[L n 3+]/[L ] P o te n t ia l /  (m V )
L a 3+ Sc3+ Y 3+ P r 3+ N d 3+ E u 3+ G d 3+
0.1 -107.1 -107.5 -111.9 -109.9 -110.2 -100.3 -116.0
0.2 -106.5 -105.9 -111.7 -109.8 -110.0 -100.2 -116.0
0.3 -105.6 -104.0 -111.3 -109.8 -109.8 -100.0 -116.0
0.4 -103.9 -102.0 -110.2 -109.7 -109.4 -99.9 -116.0
0.5 -103.0 -99.5 -109.3 -109.6 -109.0 -99.6 -116.0
0.6 -102.3 -98.1 -107.5 -109.5 -108.5 -99.5 -116.1
0.7 -101.3 -97.2 -106.0 -109.2 -108.3 -99.3 -116.2
0.8 -100.4 -97.2 -105.0 -108.7 -108.2 -99.2 -116.2
0.9 -99.9 -97.2 -104.6 -108.2 -108.3 -99.0 -116.2
1.0 -99.7 -97.2 -104.1 -107.9 -108.3 -98.5 -116.2
1.1 -99.5 -97.4 -103.7 -107.6 -108.2 -97.1 -116.3
1.2 -99.3 -97.7 -103.5 -107.5 -108.3 -95.0 -116.5
1.3 -99.2 -97.6 -103.3 -107.5 -108.2 -93.2 -116.5
1,4 -99.1 -97.6 -103.2 -107.5 -108.3 -92.5 -116.5
1.5 -99.1 -97.8 -103.2 -107.4 -108.3 -92.0 -116.6
1.6 -99.0 -97.6 -103.0 -107.3 -108.0 -91.8 -116.8
Table 7. 2. Potential (mV) data points for the titration o f  L2 with Ln3+(CFsS0 3 ) 3  in CH 3 CN at 
298.15 K  vs. the metal cation: ligand concentration ratio.
[L n3+]/[L ] P o te n t ia l /  (m V )
L a 3+ Sc3+ Y 3+ E u3+ N d 3+ E r 3+ H o 3+ G d 3+ T b 3+ Y b 3+
0.1 -94.9 -106.4 -114.2 -102.4 -74.0 -104.6 -97.9 -76.0 -79.0 -103.9
0.2 -94.7 -106.0 -113.6 -102.3 -74.1 -103.5 -97.5 -76.1 -78.5 -103.6
0.3 -94.6 -105.6 -113.6 -102.0 -74.3 -102.4 -97.6 -75.6 -78.0 -103.6
0.4 -94.5 -105.4 -113.3 -101.5 -74.4 -101.2 -97.6 -75.4 -77.9 -103.3
0.5 -94.5 -105.2 -112.8 -100.9 -74.5 -100.1 -97.6 -75.5 -77.3 -102.8
0.6 -94.5 -105.2 -112.3 -100.4 -74.5 -98.9 -97.4 -75.5 -77.0 -102.3
0.7 -94.5 -105.2 -111.8 -99.9 -74.5 -96.4 -97.3 -7.5 -76.8 -101.8
0.8 -94.2 -105.2 -111.7 -99.8 -74.5 -95.8 -97.5 -74.5 -76.4 -101.7
0.9 -94.0 -105.3 -111.4 -99.8 -74.6 -95.6 -97.6 -74.6 -75.9 -101.4
1.0 -93.7 -105.3 -111.1 -99.0 -73.7 -95.5 -97.0 -74.1 -75.5 -101.1
1.1 -93.2 -103.3 -110.8 -99.0 -73.7 -95.3 -96.5 -73.8 -75.4 -109.8
i1.2 -92.5 -102.5 -110.6 -98.8 -73.5 -95.2 -96.3 -73.9 -75.2 -109.6
1.3 -91.4 -120.4 -110.6 -98.8 -73.4 -95.2 -96.0 -73.9 -75.1 -109.5
Table 7.3. Potential (mV) data points for the titration o f  L4 with Ln3+(CF3 S0 3 ) 3  in  CH 3 CN at 
298.15 K  vs. the metal cation: ligand concentration ratio._________________________________
[Ln3+]/[L]
La3+ Sc3+ Y 3+ E u 3+
Potential/ (mV) 
Nd3+ Er3+ H o3+ Gd3+ Tb3+ Yb3+
0.1 -114.9 -108.0 -98.5 -112.6 -115.0 -128.6 -101.7 -94.0 -107.5 -96.9
0.2 -114.7 -106.5 -96.9 -112.4 -114.9 -128.2 -100.8 -93.4 -107.4 -95.8
0.3 -112.9 -105.6 -95.8 -112.1 -114.5 -127.9 -100.7 -93.2 -106.8 -95.5
0.4 -112.6 -103.8 -95.5 -111.7 -114.3 -127.0 -100.3 -93.3 -105.3 -95.4
0.5 -110.8 -102.7 -95.4 -111.3 -114.0 -126.7 -100.1 -93.5 -104.7 -95.2
0.6 -110.5 -102.3 -95.0 -111.1 -113.7 -126.1 -100.0 -93.0 -104.1 -93.3
0.7 -109.9 -101.8 -93.3 -110.7 -113.4 -125.6 -99.6 -92.7 -103.5 -92.7
0.8 -109.4 -101.4 -92.7 -110.2 -112.7 -124.4 -99.3 -91.8 -103.0 -92.3
0.9 -108.6 -100.7 -92.3 -109.8 -112.4 -123.9 -98.6 -90.8 -102.9 -91.9
1.0 -108.4 -99.6 -91.9 -109.6 -111.9 -123.5 -98.1 -90.2 -102.4 -91.7
1.1 -108.3 -99.3 -91.7 -109.5 -111.6 -122.7 -97.9 -89.8 -102.0 -91.6
1.2 -108.2 -99.2 -91.6 -109.4 -111.4 -122.4 -97.6 -89.3 -101.8 -91.6
1.3 -18.0 -99.1 -91.4 -109.4 -111.3 -122.0 -97.4 -89.2 -101.6 -91.6
1.5 -108.0 -98.9 -91.0 -109.3 -111.1 -121.8 -97.2 -89.0 -101.4 -91.6
Table 7.4. Potential (mV) data points for the titration o f  L5 with Ln3+(CF3 SC>3 ) 3  in CH 3 CN at 
298.15 K  vs. the metal cation: ligand concentration ratio._________________________________
[Ln3+]/[L]
La3+ Sc3+ Y3+ Eu3+
Potential/ (mV) 
Nd3+ Er3+ H o3+ Gd3+ Tb3+ Yb3+
0.1 -97.5 -190.0 -165.5 -190.1 -195.0 -178.6 -190.4 -170.5 -187.5 -96.9
0.2 -96.9 -189.4 -151.3 -187.5 -190.0 -169.2 -186.1 -152.9 -177.4 -95.8
0.3 -95.8 -177.8 -146.2 -177.4 -188.5 -161.9 -167.7 -138.3 -162.8 -95.5
0.4 -95.5 -159.0 -139.1 -162.8 -172.5 -157.0 -147.4 -126.7 -143.3 -95.4
0.5 -95.4 -132.5 -130.3 -143.3 -150.8 -153.7 -132.2 -118.1 -124.7 -95.2
0.6 -95.0 -112.8 -127.2 -124.7 -132.4 -146.1 -128.8 -111.6 -112.7 -93.3
0.7 -93.3 -100.6 -121.8 -112.7 -120.6 -135.6 -124.4 -109.4 -105.2 -92.7
0.8 -92.7 -97.8 -116.6 -105.2 -115.6 -130.4 -123.2 -109.1 -104.2 -92.3
0.9 -92.3 -97.4 -113.5 -104.2 -114.6 -127.9 -121.8 -109.0 -102.9 -91.9
1.0 -91.9 -97.2 -111.4 -102.9 -114.1 -124.5 -120.8 -108.7 -102.4 -91.7
1.1 -91.5 -97.1 -110.4 -102.4 -113.9 -122.7 -118.8 -108.6 -102.0 -91.6
1.2 -91.1 -97.1 -110.4 -102.0 -113.8 -122.4 -117.8 -108.4 -101.8 -91.3
1.3 -90.6 -97.1 -110.5 -101.8 -113.4 -122.0 -117.1 -108.3 -101.6 -91.0
1.5 -90.6 -97.0 -110.3 -101.6 -113.2 -121.8 -116.7 -108.2 -101.4 -91.9
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APPENDIX 8: UV Spectrophotometric titrations.
Table 8.1. UV Spectrophotometric titration data for the titration of Ln3+ with L I  in CH3CN at
m m
Absorbance at selected wavelength fnm)
La Pr3+ Nd3+
• 282 287.6 254 282 287.6 254 254 282 2870.17 0.90 0.89 0.26 0.86 0.85 0.22
0.20
0.27
0.25
0.85
0.79
0.83
0.770.24 0.87 0.85 0.24 0.82 0.81' 0.20 0.83 0.82 0.23 0.79 0.78 0.19 0.24 0.76 0.740.37 0.80 0.79 0.22 0.76 0.75 0.19
0.18
0.18
0.17
0.17
0.16
0.16
0.16
0.24
0.24
0.23
0.22
0.22
0.22
0.22
0.22
0.73
0.71
0.68
0.66
0.64
0.62
0.61
0.59
0.71
0.69
0.67
0.64
0.62
0.61
0.59
0.58
0.64 0.77 0.76 0.21 0.73 0.72
0.89 0.74 0.73 0.20 0.70 0.70
0.99 0.71 0.70 0.20 0.68 0.67
1.10 0.69 0.68 0.19 0.66 0.65
1.21 0.67 0.66 0.19 0.64 0.63
1.38 0.64 0.63 0.18 0.62 0.61
1.34 0.62 0.61 0.18 0.60 0.59
1.57 0.60 0.59 0.17 0.60 0.58 0.16 0.22 0.58 0.56
1.69 0.60 0.58 0.17. 0.59 0.58 0.16 0.22 0.56 0.55
Table 8 .2 : UV Spectrophotometric titration data for the titration o f Ln3* with L I  in CH3CN at
Absorbance at selected wavelength (nm)
Sc ■ y 3+ Gd3+
282 287.6 254 282 287.6 . 254 254 282 287
0.17 0.86 0.85 0.22 0.88 0.87 0.23
0.21
0.20
0.29
0.28
0.27
0.25
0.24
0.23
0.22
0.22
0.22
0.22
0.21
0.87
0.80
0.78
0.75
0.73
0.70
0.69
0.67
0.65
0.64
0.63
0.91
0.89
0.84
0.81
0.79
0.77
0.74
0.72
0.71
0.69
0.68
0.24 0.82 0.81 0.20 0.85 0.84
0.20 0.79 0.78 0.19 0.81 0.80
0.37 0.76 0.75 0.19 0.78 0.77 0.20
0.19
0.18
0.64 0.73 0.72 0.18 0.75 0.74
0.89 0.70 0.70 0.18 0.72 0.71
0.99 0.68 0.67 0.17 0.69 0.69 0.18
1.10 0.66 0.65 0.17 0.67 0.66 0.17
0.161.21 0.64 0.63 0.16 0.65 0.64
1.38 0.63 0.62 0.16 0.64 0.63 0.16
1.34 0.63 0.62 0.16 0.63 0.61 0.15
1.57 0.62 0.61 0.16 0.63 0.59 0.15 0.21 0.62 0.66
1.69 0.61 0.61 0.16 0.62 0.59 0.14 0.21 0.62 0.65
Table 8.3: UV Spectrophotometric titration data for the titration o f Ln3+ with L2 in  CH3CN at
[M]/[L]
Absorbance at selected wavelength (nm)
Yb Gd3* Tb3*
279.7 280.9 282.4 279.4 280.6 281.5 279.7 280.6 281.5
0.17 1.18 1.17 1.16 1.22 1.22 1.21 • 1.18
1.06
0.94
0.83
0.72
0.61
0.49
1.18
1.06
0.94
0.83
0.72
0.60
0.48
1.17
1.05
0.94
0.83
0.71
0.60
0.48
0.24 0.96 0.96 0.96 1.03 1.03 1.03
0.20 0.85 0.85 0.85 0.94 0.94 0.93
0.37 0.70 0.70 0.70 0.86 0.85 0.85
’ 0.64 0.56 0.57 0.58 0.75 0.74 0.74
0.80 0.45 0.46 0.48 0.64 0.64 0.63
0.90 0.35 0.36 0.39 0.54 0.53 0.53
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1.00 0.35 0.35 0.38 0.40 0.39 0.39 0.38 0.37 0.38
1.11 0.34 0.35 0.38 0.37 0.36 0.36 0.33 0.33 0.33
1.28 0.34 0.35 0.38 0.36 0.35 0.35 0.33 0.33 0.33
1.34 0.34 0.35 0.38 0.36 0.35 0.35 0.33 0.33 0.33
1.47 0.34 0.35 0.38 0.36 0.35 0.35 0.33 0.33 0.33
1.59 0.34 0.35 0.38 0.36 0.35 0.35 0.33 0.33 0.33
1.60 0.34 0.34 0.37 0.36 0.35 0.35 0.33 0.32 0.32
Table 8.4: UV Spectrophotometric titration data for the titration of Ln3+ with L3 in C H 3 C N  at 
298 K.
Absorbance at selected wavelength (nm)
[Ml/IL]
282
La3+
284 286 284
Pr3+
286 285.2 280.6
Nd3+
281.5 282.4
0.17 1.47 1.46 1.43 1.02 1.02 1.02 1.01 1.02 1.02
0.24 1.46 1.45 1.42 1.02 1.01 1.01 0.90 0.93 0.95
0.20 1.43 1.44 1.41 1.01 1.00 1.01 0.87 0.89 0.90
0.37 1.41 1.42 1.41 1.00 1.00 0.99 0.83 0.85 0.86
0.64 1.40 1.41 1.40 1.00 0.99 0.99 0.80 0.81 0.83
0.80 1.40 1.40 1.39 0.99 . 0.98 0.98 0.77 0.79 0.80
0.90 1.39 1.39 1.37 0.98 0.98 0.98 0.73 0.75 0.77
1.00 1.38 1.37 1.37 0.98 0.98 0.97 0.68 0.72 0.73
1.11 1.36 1.37 1.35 0.98 0.97 0.97 0.69 0.71 0.72
1.28 1.37 1.37 1.35 0.98 0.97 0.97 0.67 0.68 0.70
1.34 1.36 1.37 1.36 0.98 0.97 0.97 0.65 0.67 0.69
1.47 1.36 1.37 1.35 0.97 0.97 0.97 0.64 0.66 0.68
1.59 1.35 1.37 1.35 0.97 0.97 0.97 0.64 0.65 0.67
1.60 1.35 1.36 1.35 0.97 0.97 0.97 0.64 0.65 , 0.67
Table 8.5: UV Spectrophotometric titration data for the titration o f Ln3+ with L3 in CH3 CN at 
298 K.
Absorbance at selected wavelength (nm)
[M]/[L]
282
Eu3+
284 286 288
Gd3+
286 285.2 284
Tb3+
286 285.2
0.17 1.47 1.46 1.43 1.44 1.02 1.02 1.03 1.02 1.02
0.24 1.46 1.45 1.42 1.43 1.01 1.01 1.03 1.01 1.02
0.20 1.43 1.44 1.41 1.42 1.00 1.01 1.02 1.01 1.01
0.37 1.41 1.42 1.41 1.41 1.00 0.99 1.01 1.00 1.00
0.64 1.40 1.41 1.40 1.39 0.99 0.99 1.00 1.00 0.99
0.80 1.40 1.40 1.39 1.38 0.98 0.98 0.99- 0.99 0.99
0.90 1.39 1.39 1.37 1.37 0.98 0.98 0.99 0.98 0.98 •
1.00 1.38 1.37 1.37 1.36 0.97 0.97 0.98 0.98 0.98
1.11 1.36 1.37 1.35 1.36 0.97 0.97 0.98 0.97 0.98
1.28 1.37 1.37 1.35 1.36 0.97 0.97 0.98 0.97 0.98
1.34 1.36 1.37 1.36 1.36 0.97 0.97 0.98 0.97 0.98
1.47 1.36 1.37 1.35 1.35 0.97 0.97 0.98 0.97 0.98
1.59 1.35 1.37 1.35 1.35 0.97 ' 0.97 0.98 0.97 0.97
1.60 1.35 1.36 1.35 1.35 0.97 0.97 0.98 0.97 0.97
Table 8 .6 : UV Spectrophotometric titration data for the titration o f Ln3+ with L3 in CH 3CN at 
298 K.
Absorbance at selected wavelength (nm)
[M]/[L) Yb3+ Sc3+ - . 'Y3+
280 281.2 282.1 282.4 283 285.2 284 286 285.2
0.17 1.03 1.05 1.05 1.20 1.16 1.02 0.87 1.02 1.43
0.24 0.97 0.96 0.98 1.02 0.95 1.01 0.84 1.01 1.42
290
0.20 0.91 0.92 0.93 0.93 0.84 1.01 0.80 1.01 1.41
0.37 0.88 0.90 0.92 0.85 0.70 0.99 0.77 1.00 1.41
0.64 0.85 0.89 0.90 0.74 0.59 0.99 0.74 1.00 1.40
0.80 0.82 0.84 0.86 0.63 0.48 0.98 0.71 0.99 1,39
0.90 ■ 0.80 0.82 0.83 0.53 • 0.39 0.98 0.69 0.98 1.37
1.00 0.76 0.78 0.80 0.39 0.39 0.97 0.66 ' 0.98 1.37
1.11 0.74 0.76 0.77 0.37 0.38 0.97 0.64 0.97 1.35
1.28 0.71 0.74 0.74 0.36 0.38 0.97 0.63 0.97 1.35
1.34 0.69 0.72 0.72 0.36 0.38 ' 0.97 0.61 . 0.97 1.36
1.47 0.68 0.70 0.70 0.36 0.38 0.97 0.59 0.97 1.35
1.59 0.67 0.70 0.70 0.36 0.38 0.97 0.59 0.97 1.35
1.60 1.35 1.36 1.35 0.36 0.38 0.97 0.58 0.97 1.35
Table 8.7: UV Spectrophotometric titration data for the titration of Ln3+ with L4 in CH3CN at 
298 K.
Absorbance at selected wavelength (nm)
• [M]/[L]
279.7
Yb3+
280,9 282.4 279.4
Gd3+
280.6 281.5 279.7
Tb3+
280.6 281.5
0.17 1.18 1.17 1.16 1.22 1.22 1.21 1.18 1.18 1.17
0.24 0.96 0.96 0.96 1.03 1.03 1.03 1.06 1.06 1.05
0.20 0.85 0.85 0.85 0.94 0.94 0.93 0.94 0.94 0.94
0.37 0.70 0.70 0.70 0.86 0.85 0.85 0.83 0.83 0.83
0.64 0.56 0.57 0.58 0.75 0.74 0.74 0.72 0.72 0.71
0.80 0.45 0.46 0.48 0.64 0.64 •. 0.63 0.61 0.60 0.60
0.90 0.35 0.36 0.39 0.54 0.53 0.53 0.49 0.48 0.48
1.00 0.35 0.35 0.38 0.40 0.39 0.39 0.38 0.37 0.38
1.11 0.34 0.35 0.38 0.37 0.36 0.36 0.33 0.33 0.33
1.28 0.34 0.35 0.38 0.36 0.35 0.35 0.33 0.33 • 0.33
1.34 . 0.34 . 0.35 0.38 0.36 0.35 0.35 0.33 0.33 0.33
1.47 0.34 0.35 0.38 0.36 0.35 0.35 0.33 0.33 0.33
1.59 0.34 0.35 0.38 0.36 0.35 0.35 0.33 0.33 0.33
1.60 0.34 0.34 0.37 0.36 0.35 0.35 0.33 0.32 0.32
Table 8 .8 : UV Spectrophotometric titration data for the titration of Ln3+ with L4 in C H 3 C N  at 
298 K.
Absorbance at selected wavelength (nm)
[M]/(L]
282.4 .
Sc3+
280.9 281.2 279.4
Y3+
280.3 282.1 278.8
Yb3+
•280 280.9
0.17 1.16 1.17 1.17 1.17 1.18 1.17 1.12 1.12 1.10
0.24 1.05 0.96 1.05 1.05 1.05 1.04 0.99 0.99 1.00
0.20 0.94 0.85 0.93 0.93 0.94 0.93 0.89 0.90 0.90
0.37 0.83 0.70 0.81 0.82 0.82 0.81 0.82 0.83 0.83
0.64 0.72 0.57 0.69 0.69 0.69 0.70 0.76 0.76 ' 0.76
0.80 0.61 0.46 0.57 0.57 0.57 0.58 0.69 0.69 0.69
0.90 0.49 0.36 0.45 0.45 0.45 0.47 0.61 0.61 0.61
1.00 0.39 0.35 0.35 0.35 0.35 0.37 0.55 0.54 0.54 .
1.11 0.34 0.35 0.34 0.33 0.33 0.36 0.53 0.52 0.52
. 1.28 0.34 0.35 0.34 0.33 0.33 0.36 0.52 0.52 ‘ 0.52
1.34 0.34 0.35 0.33 0.33 0.32 0.35 0.51 0.51 0.51
1.47 0.34 0.35 0.33 0.32 0.32 0.35 0.51 0.51 0.51
1.59 0.34 0.35 0.33 0.32 0.32 0.34 0.50 0.50 0.50
1.60 0.34 0.34 0.37 0.3 6 0.35 0.35 0.51 0.50 0.50
291
Table 8.9: UV Spectrophotometric titration data for the titration o f Ln3+ with L4 in CH3CN at 
298 K.
0.17
0.24
0.20
0.37
0.64
0.80
0.90
1.00
1.11
1.28
1.34
1.47
1.59
1.60
Wave Length (nm)
La Nd* Pr3+
282.4 280.9 281.2 279.4 280.3 282.1 278.8 280 280.9
1.16 1.17 1.17 1.17 1.18 1.17 1.12 1.12 1.10
1.05 0.96 1.05 1.05 1.05 1.04 0.99 0.99 1.00
0.94 0.85 0.93 0.93 0.94 0.93 0.89 0.90 0.90
0.83 Q.70 0.81 0.82 0.82 0.81 0.82 . 0.83 ■ 0.83
0.72 0.57 0.69 0.69 0.69 0.70 0.76 • 0.76 0.76
0.61 0.46 0.57 0.57 0.57 0.58 0.69 0.69 0.69
0.49 0.36 0.45 0.45 0.45 0.47 0.61 0.61 0.61
0.39 0.35 0.35 0.35 0.35 0.37 0.55 0.54 0.54
0.34 0.35 0.34 0.33 0.33 ' 0.36 0.53 0.52 0.52
0.34 0.35 0.34 0.33 0.33 0.36 0.52 0.52 0.52
0.34 0.35 0.33 0.33 0.32 0.35 0.51 0.51 0.51
0.34 0.35 0.33 0.32 0.32 0.35 0.51 0.51 0.51
0.34 0.35 0.33 0.32 0.32 0.34 0.50 0.50 0.50
0.34 0.34 0.37 0.36 - 0.35 0.35 0.51 0.50 0.50
Table 8.10: UV Spectrophotometric titration data for the titration o f Ln3+ with L5 in CH3CN at 
298 K.
0.17
0.24
0.20
0.37
0.64
0.80
0.90
1.00
1.11
1.28
1.34
1.47
1.59
Wave Length (nm)+
Nd3+ Pr3+
282.1 280.9 281.2 280 281.5 282.7 279.4 280 280.9 .
1.25 1.17 1.17 1.03 1.04 1.05 1.02 1.12 1.09
1.07 0.96 1.05 0.96 0.98 0.99 0.96 0.99 0.98
0.90 0.85 0.93 0.83 . 0.84 0.85 0.83 0.90 0.87
0.83 • 0 .7a 0.81 0.76 0.76 0.77 0.76 0.83 0.79
0.76 0.57 0.69 0.70 0.69 0.71 0.69 0.76 0.71
0.68 0.46 0.57 0.62 0.61 0.61 0.62 0.69 0.63
0.61 0.36 0.45 0.54 0.52 0.51 0.55 0.61 0.55
0.54 0.35 0.35 0.52 0.49 0.48 0.52 0.54 0.52
0.52 0.35 0.34 0.51 0.49 0.48 0.51 0.52 0.50
0.52 0.35 0.34 0.50 0.48 0.47 0.51 0.52 0.49
0.51 0.35 0.33 0.50 0.48 0.47 0.51 0.51 0.49
0.51 0.35 0.33 0.50 0.47 0.46 0.50 0.51 0.49
0.50 0:35 0.33 0.49 ' 0.47 0.46 0.50 0.50 0.49
Table 8.11: UV Spectrophotometric titration data for the titration o f Ln3+ 
298 K.
with L5 in CH3CN at
0.17
0.24
0.20
0.37
0.64
0.80
0.90
1.00
1.11
1.28
1.34
1.47
1.59
Wave Length (nm)
Tb Gd3+ Eu3+
279.1 280 282.1 282 at 287.6 254 282 287.6 .254
1.10 1.15 1.11 0.86 0.85 0.22 . 0.86 0.85- 0.22
0.98 0.98 0.97 0.82 0.81 0.20 0.85 0.84 0.23
0.86 0.87 0.87 0.79 0.78 0.19 0.82 0.80 0.22
0.79 0.79 0.79 0.76 0.75 0.19. 0.79 0.78 0.22
0.71 0.71 0.71 0.73 0.72 0.18 0.76 0.75 0.21
0.64 0.64 0.63 0.70 0.70 0.18 ' 0.74 0.72 • 0.20
0.56 . 0.56 0.55 0.68 0.67 0.17 0.71 0.70 0.20
0.53 0.52 0.52 0.66 0.65 0.17 0.68 0.67 0.20
0.51 0.51 0.50 0.64 0.63 0.16 0.66 0.65 0.19
0.50 0.50 0.50 0.62 0.61 0.16 0.64 0.63 0.19
0.50 0.50 0.49 0.60 0.61 0.16 0.62 0.61 0.18
0.50 0.50 0.49 0.60 0.60 0.15 0.60 0.59 0.18
0.50 0.49 0.49 0.59 0.60 0.15 0.59 0.57 0.18
